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REMARKS 

Applicants cancel, without prejudice, claims 5-6, 10-12, 14-18, 21-30 and 33-47. Applicants 
reserve the right to prosecute claims with identical or similar scope in one or more future 
continuation or divisional applications. 

Claim I has been amended to recite three CDRs from the variable light region of the 1G4 
antibody and three CDRs from the variable heavy region of the 1G4 antibody. The claim 
amendments are fully supported by the specification. 

Claims 13, 19 and 31 have been amended to improve their form and to more particularly 
point out what applicants intend to pursue in this application and to make the claims dependent on 
claim 1 . The claim amendments are fully supported by the specification. 

New claims 48-52 have been added. 

Support for the amendments made herein and new claims can be found in the original claims 
and the specification at, e.g.: page 5, line 25 to page 6, line 2; page 6, line 17 to page 7, line 3; and 
page 12, lines 26 to 28. Support for the claims can also be found in Figs. 4a and 4b of the 
application as tiled, which figures set forth, inter alia, the amino acid sequences for the light chain 
variable region and heavy chain variable region of the monoclonal anti-DC-SIGN antibody 1G4. 
Note that the elected sequence depicted in SEQ ID NO:45 is the amino acid sequence of the light 
chain CDR3 of 1 G4. See Fig. 4a. At the time the application was filed, it was well within the 
purview of the ordinarily skilled artisan to determine the position of the instantly claimed CDRs of a 
light chain variable region and/or a heavy chain variable region. For example, by comparing the 
1G4 variable region amino acid sequences with the variable region amino acid sequences of 
numerous other murine antibodies, the skilled artisan could have easily and readily determined die 
"Kabaf'-defmed CDRs. See, e.g., Kabat et al. (1991) "Sequences of Proteins of Immunological 
Interest." Nil I I Publication No. 91-3242, U.S. Department of Health and Human Services, Bethesda, 
MD. Accordingly, no new matter has been added. 
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Amendment dated De embei 29. 2009 

In reply to Office Action of September 30. 2009 

Applicants' cancellation of and amendments to the claims are not in acquiescence to any of 
the Examiner's rejections. Applicants reserve the right to further prosecute the same or similar 
claims in the instant application or in one or more subsequent patent applications claiming priority 
to the instant application. 

Upon entry of the amendments, claims 1-4, 7-9, 13, 19-20, 31-32 and 48-52 will be pending. 
No new matter has been introduced. Applicants respectfully request reconsideration in view of the 
following remarks. Issues raised by the Examiner will be addressed below in the order they appear 
in the outstanding Office Action. 

DETAILED ACTION 

Restriction Requirement 

Applicants note with appreciation that the response to the Restriction Requirement submitted 
on June 8, 2009 has been received by the office and that the specific method species election 
requirement has been withdrawn. 



Claim Rejections -35 U.S.C. 112, First Paragraph, En ablement 

Claims 1-9, 12-13, 19-20, 31-32 and 35 are rejected under 35 U.S.C. 112, first paragraph, for 
allegedly failing to enable one of skill in the art to practice the claimed invention. Specifically, the 
Examiner stales that there is no evidence of record that an antibody defined by a single CDR could 
bind DC-SIGN nor function as claimed in the dependent claims 5-6, 19 or 35 without undue 
experimentation. The Examiner also states that claim 19 requires that the claimed antibodies "can 
effectively block the binding, infection, or transmission of numerous viruses, bacteria, and 
parasites[ ..]" which the Examiner argues is not enabled. The Examiner also asserts that claim 19 is 
non-enabled because the specification allegedly does not provide, e.g., "[d]ata regarding the 
treatment or prevention of any disease or condition[.]" 
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In reply to Office Action of September 30. 2009 

c - jagree. None sele&s solely to expedite prosecution, applicants have amended 
claims 1, 13, 19 and 31 and canceled claims 5-6, 12 and 35. The remaining claims, as amended., are 
now directed to antibodies that are defined by six (6) CDRs - three front the \ .triable light region of 
the 1G4 antibody and three from the variable heavy region of the 1G4 antibody. Therefore, this 
aspect of the rejection is rendered moot. 



Applicants point out that claim 19 is no t drawn to a me thod for treating or preventing any 
disease or condition nor is it specifically drawn to antibodies that block the binding, infection, or 
transmission of any virus, bacteria, or parasite. Rather, claim 19 is drawn to antibodies that, are 
capable of effectively blocking the binding, infection, or transmission of a select number of 
microbial pathogens to cells that express DC-SIGN. 

Methods for determining whether the claimed antibodies block the binding of one of the 
selected microbes to a cell expressing DC-SIGN were well known in the art at the priority date of 
the application and specifically described in the specification. At Example 8, the specification 
describes a FACS-based method for selecting anti-DC-SIGN antibodies capable of blocking the 
binding of microorganisms to DC-SIGN~exprev>sng cells. ! he specification fusfher cites to 
Geijtenbeek et al. (1999) Blood 94:754 as elaborating on the method. Thus, it was well within the 
skill set of the artisan to identify the instantly claimed antibodies that block the binding of selected 
pathogenic microbes to a DC-SIGN-expressing cell. 

Similarly, methods for determining whether the claimed antibodies block the infection of 
one of the selected microbes to a cell expressing DC-SIGN, or the transmission of the microbe by 
the cell to another cell, were also well known in the art and described in the specification. For 
example, ihe specification provides methods for inhibiting the transmission of a virus from one ceil 
to anothc and methods im n-ses-mg \> hot he? an antibody can block infection of a cell by a 
bacterium in Examples 10 and 11, respectively. The specification cites to numerous scientific 
references describing such methods. See specification at pages 25 and 26. Thus, it was also well 
within the skill set of the artisan to identify the instantly claimed antibodies that block the infection 
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of DC-SIGN-expressing cells by the selected microbes recited in the claims or that block the 
transmission of the microbes by the cells. 

While the Examiner concedes that HIV binds to DC-SIGN expressing cells and facilitates 
the entry of the virus into DC-SIGN expressing cells, the Examiner argues that "there is no nexus 
between said HIV binding and the binding, infection, or transmission of any of the other pathogens 
of the claim." Office Action at page 4. Applicants disagree, believing that the slate of the art at the 
time the application was filed taught against the Examiner's conclusion. First, it was well known in 
the art that DC-SIGN binds to the high mannose-conlainmg glycoproteins present on the surface of 
pathogenic microbes such as HIV. See, e.g., Geijtenbeek etai. (2000) Cell 1 00(5^ :587-597 (the 
authors stating that "[w]e describe the properties of ... DC-SIGN, that is highly expressed on 
[dendritic cells] present in mucosal tissues and binds to the HIV-1 envelope glycoprotein gpl20."). 
Accordingly, it is reasonable to conclude, as the inventors did, that, e.g., other microbes that express 
man nose-containing glycoproteins may also bind to DC-SIGN in a similar way. In fact, Lozach et 
al. (2004) J Biol Chem 279(3 l) :32035-32045 describe that DC-SIGN binds to the mannose glycans 
present on the surface of Hepatitis C virus (HCV). DC-SIGN was also known to bind to the surface 
proteins of Ebola [Alvarez et al. (2002)./ Virol 76:6841-6844] and cytomegalovirus (CMV) [Halary 
et al. (2002) Immunity 17:653-664], Therefore, in stark contrast to the Examiner's assertion, the art 
makes clear that there was a nexus between HIV binding to a DC-SIGN expressing cell and the 
binding of the other viruses recited in the claims to the cells. 

Moreover, the ability of the selected microbes to infect DC-SIGN-expressing cells (e.g., 
dendritic cells) was also known in the art at the priority date of the application. For example, the 
capability of, e.g., Ebola virus, cytomegalovirus, Leishmania pifanoi, Mycobacterium tuberculosis, 
as well as HIV to infect DC-SIGN-expressing dendritic cells was discussed in. e.g., Tassaneetrithep 
et al. (2003) J Exp Med 197(7) :823-829. See also Lozach et al (2004), supra: Alvarez et al 
(2002), supra: and Halary et al. (2002), supra. In addition, it was well known in the art that anti- 
DC-SIGN antibodies could block the transmission of certain microbes by an infected eel! to another 
cell. See, e.g., Cormier et al. (2004) Proc Natl Acad Sci USA 101(39) : 14067-14072. 
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In view of the foregoing, it is clear that the skilled artisan reading the instant specification at 
the time the application was filed would have readily and easily understood: (a) the relationship 
between the selected microbes recited in claim 19 and their ability to bind to and infect DC-SIGN- 
expressing cells as well as to be transmitted from the cell to another; and (b) how to make, use, and 
idem m diiti-K Sd v V I " M ti ] ,>>s ^es I ib ho v b \v o- < e m .ol I k n uO 1 --^ 
in (a). Accordingly, reconsideration and withdrawal of this rejection are requested. 



Claim Rejections- 35 __U,.S^^ 

Claims 1 -9, 12-13, 1 9-20, 3 1 -32 and 35 are rejected under 35 U.S.C. 1 1 2, first paragraph, for 
allegedly containing subject matter which was not described in the specification in such a way as to 
reasonably convey to one skilled in the relevant art that the inventor, at the time the application was 
filed, had possession of the c laimed invention. Specifically, the Examiner alleges that there is 
insufficient written description to show that applicants were in possession of an isolated antibody 
that binds DC-SIGN described only by the CDR of SEQ ID NO:45. 

Applicants disagree. Nonetheless, solely to expedite prosecution, applicants have amended 
claims 1, 13, 19 and 31 and canceled claims 5-6, 12 and 35. The remaining claims, as amended, are 
now directed to antibodies that are defined by six (6) CDRs - three from the variable region of the 
1G4 antibody and three from the variable heavy region of the 1G4 antibody. Therefore, this 
rejection is rendered moot. 
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CONCLUSION 



in view of the above amendments. Applicants believe the pending application is in condition 
for allowance. The Examiner is invited to telephone the undersigned to discuss any issue pertaining 
to this response. Applicants request favorable consideration of the application and early allowance 
of the pending claims. 

Applicants believe no fee is due with this response. However, if a fee is due, please charge 
our Deposit Account No, 18-1945, under Order No. ALEX-P01-1 12 from which the undersigned is 
authorized to draw . 

Dated: December 29, 2009 Respectfully submitted, 

By /Ryan Murphey/ 

Ryan Murphey, Ph.D. 

Registration No.: 61,156 
ROPES & GRAY LLP 
One International Place 
Boston, Massachusetts 02110-2624 
(617) 951-7000 
(617) 95 1-7050 (Fax) 
Attorneys/Agents For Applicant 
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Summary 

Dendritic cells (DC) capture microorganisms that enter 
peripheral mucosal tissues and then migrate to sec- 
ondary lymphoid organs, where they present these 
in antigenic form to resting T ceils and thus initiate 
adaptive immune responses. Here, we describe the 
properties of a DC-specific C-type lectin, DC-SIGN, 
that is highly expressed on DC present in mucosa! 
tissues and binds to the HiV-1 envelope glycoprotein 
gp120. DC-SIGN does not function as a receptor for 
viral entry into DC but instead promotes efficient infec- 
tion in trans of cells that express CD4 and chemokine 
receptors. We propose that DC-SIGN efficiently cap- 
tures HIV-1 in the periphery and facilitates its transport 
to secondary lymphoid organs rich in T cells, to en- 
hance infection in trans of these target ceils. 

Introduction 

Transmission of human immunodeficiency virus type 1 
(HIV-1) infection in humans requires the dissemination 
of virus from sites of infection at mucosal surfaces to T 
cell zones in secondary lymphoid organs, where exten- 
sive viral replication occurs in CD4 + T-he!per cells 
(Fauci, 1996). These cells express both CD4 and the 
chemokine receptor CCR5, which together form the re- 
ceptor complex required for entry by the R5 viral isolates 
that are prevalent early after infection (Dragic et a!., 
1 998; Lu et a!., 1 997; Littman, 1 998). Viruses with tropism 
for other chemokine i 1 • ■ if-jlarly CXCR4, are 
rarely transmitted and generally appear only late in in- 
fection. 

The mechanism of early vsra! dissemination remains 

* To wnom correspondence should be addressed: (e-mail: y vankooyk® 
derft.ksjn.fi!). 



vague, but, based on anatomical distribution of different 
hematopoietic lineage cells and on in vitro infectivity 
studies it has been inferred that immature dendritic cells 
(DC) residing in the skin and at mucosal surfaces are 
the first cells targeted by HIV-1 . DC are the most potent 
antigen-presenting cells in vivo (Valitutti et ai., 1995; 
Banchereau and Steinman, 1998). Immature DC in pe- 
ripheral tissues capture antigens efficiently and have 
the unique capacity to subsequently migrate to the T 
cell areas of secondary lymphoid organs. As the cells 
travel, they mature and alter their expression profile of 
cell surface molecules, including chemokine receptors, 
lose their ability to take up antigen, and acquire compe- 
tence to attract and activate resting T ceils in the lymph 
nodes (Adema et a!., 1997; Banchereau and Steinman, 
1 998). HIV-1 is thought to subvert the trafficking capacity 
of DC to gain access to the CD4 T cell compartment 
in the lymphoid tissues (Grouard and Clark, 1997; Row- 
land-Jones, 1999; Steinman and Inaba, 1999). 

immature DC express CD4 and CCR5, albeit at levels 
that are considerably lower than on T cells (Granelli- 
Piperno et ai., 1996; Rubbert et a!., 1998), and they have 
been reported to be injectable with R5 strains of HIV-1. 
In contrast, immature DC do not express CXCR4 and 
are resistant to infection with X4 isolates of HIV-1 
(Weissman et ai., 1995; Biauvelt et ai., 1997; Granelli- 
Piperno et al., 1998). Entry of HiV-1 into immature DC 
has also been reported to proceed through a CD4-inde- 
pendent mechanism (Blauvelt et ai., 19 i . 

that receptors other than CD4 cosjld be involved. There 
have been conflicting reports regarding the significance 
of HiV-1 replication within DC (Cameron et a!., 1994; 
Ayehunie et al., 1997; Canque et al., 1999). Although 
replication can be observed in some circumstances, it 
has also been reported that, in immature DC, replication 
is incomplete and that only early HIV-1 genes are tran- 
scribed. 

!t has been proposed that virus-infected immature DC 
migrate to the draining lymph nodes where they initiate 
both a primary antiviral immune response and a vigorous 
productive infection of T cells, allowing systemic distri- 
bution of HIV-1 (Cameron et al., 1992; Weissman et al., 
1995; Granelli-Piperno et al., 1 999). However, in a nonhu- 
man primate model of mucosal infection with the simian 
immunodeficiency virus, it has been difficult to demon- 
strate productive infection of DC despite rapid dissemi- 
nation of virus (Stahl-Henntg et al., 1999). Other effort* 
to model primary HIV-1 infection sn vitro by exposing 
DC derived from skin or blood to HIV-1 have indicated 
that these cells are poorly infected. Nevertheless, only 
DC and not other leukocytes, including monocytes, 
macrophages, B ceils, and T cells, were able to induce 
high levels of infection upon cocuiture with mitogen- 
activated CD4+ T cells after being pulsed with HIV-1 
(Cameron et al., 1992, 1992b, 1996; Weissman et al., 
1995; Biauvelt et al., 1997; Granelli-Piperno et al., 1999). 
In an early study, Cameron et al. (1992) proposed that 
DC have a unique ability to "catalyze" infection of T cells 
with HIV but do not become infected themselves. 

The mechanism by which DC capture HIV-1 and pro- 
mote infection of CD4 f T cells has not been elucidated. 
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GN Is a DC-Sj > 
tor for HIV-1 gp12G 

(A) DC -SIGN is expressed specifically by DC. 
immature DC, cultured ft cm monocyte's in the 

f Gfvi-CS express hig 

leveis of DC- SIGN, whereas resting periph- 
eral biond >ti /' i » i 
'SS:on of DC- 
SiGN (AZN-D1) was determined by FACScan 
atsaSy&is. One represerstatwe experiment out 
of three is shown. 

(B) DC-SIGN, but not CD4, mediates binding 
of HIV-1 gp120 to DC. DC were allowed to 
bind HIV-1 gp120-coated fluorescent beads 
Adhesion was blocked by anti-DC-SIGN anti- 
bodies {20 :,g/mS), mannan (?0 i>g/wi), and 
EGTA (5 mM), and no! t ■ i (ant 
CD4 antibodies {20 |xg/ml). One representa- 
tive experiment out of three is shown 

{C) immature DC express low levels of CD4 
(RPA-T4) and CCR5 (2D7/CCR5) and high lev- 
els of DC-SIGN (AZN-D1). THP-1 cells stably 
transfected with DC-SIGN fTHP-DC-SIGN) 
express high levels of DC-SIGN (AZN-D1) 
while CD4 and CCR5 are n te 
histograms). Antibodies against CD4 and DC- 
SIGN were isotype matched, and the appro- 
priate isotype coritrols are represented by 
dotted lines. 

(D) DC-SIGN transfectants (THP-DC-SIGN) 
bind HIV-1 gp120. THP-DC-SIGN and mock 
transfectants were allowed to bind HiV- 
1gp120-r.oated fluorescent beads. Adhesion 

I < » i < 

iig/ml) and EGTA (5mM) and not by neutraliz- 
ing anti-CD4 (RPA-T4) antibodies (20 ^g/mij. 
One representative experiment out of three 



and it has been unclear whether there is specificity in 
the interaction of DC with virus. !n the accompanying 
paper, we describe the identification of a DC-specific 
C-type lectin, designated DC-SIGN, that binds with high 
affinity to SCAM-3 present on resting T ceils (Geijtenbeek 
et al„ 2000 [this issue of Ce/fi. Nucleotide sequence 
analysis of the cONA indicated that this molecule is 
identical to a previously described HIV-1 gp12G-binding 
C-type lectin {Curtis et al., 1992} isolated from a placen- 
tal eDNA library. Here, we demonstrate that this HIV-1 - 
binding protein, which is highly expressed on DC pres- 
ent at mucosal sites, specifically captures HIV-1 and 
promotes infection in trans of target cells that express 
CD4 and appropriate chemokine receptors. Our findings 
suggest that, during transmission of HIV-1, the virus 
initially binds to mucosa! DC through DC-SIGN, allowing 
subsequent transport to secondary lymphoid organs 
and highly efficient infection of CD4 4 T cells by a novel 
trans infection mechanism. 

Results 

DC-SIGN Is a DC-Specific HIV-1-Binding Protein 
DC-SIGN was recently identified as a DC-specific ICAM-3 
adhesion receptor that mediates DC-T eel! interactions 



(Geijtenbeek et al., 2000). Flow cytometric analysis of 
an extensive pane! of hematopoietic cells with anti-DC- 
SIGN antibodies demonstrated that DC-SIGN is prefer- 
entially expressed on in vitro cultured DC but not on 
other leukocytes, such as monocytes and peripheral 
blood lymphocytes (PBL) (Figure 1A). identification of 
DC-SIGN by peptide amino acid sequencing of the 44 
kDa immunoprecipitated protein revealed it to be 100% 
identical in its amino acid sequence to the HIV-1 enve- 
lope glycoprotein gp12Q-birtding C-type lectin pre- 
viously isolated from a placental cDMA library (Curtis et 
al., 1992). To determine whether this molecule has a role 
in binding of HiV to DC, we used a flow cytometric 
adhesion sssay (Geij r.beek et al., 1999) to examine 
the ability of HIV-1 gp120-coated fluorescent beads to 
bind to immature DC (Figure IB). The gp120-coated 
the binding was 

completely blocked by the anti-DC-SSGN antibodies 
AZN-D1 and AZN-D2. In contrast, neutralizing anti-CD4 
antibodies had no effect on gp120 binding to DC. This 
result indicates that, although the primary HIV-1 recep- 
tor CD4 is expressed on DC (Figure 1C), HIV-1 gp120 
preferentially binds to DC-SIGN. Similarly, the mono- 
cytic ceil line THP-1, which lacks expression of both 
CD4 and CCR5, bound the gp120-coated beads after 
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Figure 2. DC-SIGN Mediates HIV-i Infection in a DC-T Ceii Cocuftwe 

(A) Antibodies against DC-SIGN inhibit HIV-1 infection as measured if! a OC-T cell coculture. DC (50 x 10 3 ) were preincubated for 20 min at 
room temperature with blocking mAb against CD4 (RPA-T4) or DC-SIGN (AZN-D1 and A2N-D2) (20 |xg/m!} or with a combination of CCR5- 
specific chemokines (CCR5 trio: RANTES, M!P-1«. and MIP1p; 500 ng/ml). Preirtcubsted immature DC were pulsed for 2 hr with HIV-1 
(M-tropic HIV-1 8a . L strains, and unbound virus particles and mAb were washed away. Subsequently, DC were cocultured with activated PBMC 
(50 10'! for 9 days Cocuitu i <> I > nd p24 antsg v si ured by F.LISA. One representative experiment 
out of two is shown. 

(B) inhibition of HIV-1 infection in a DC-T ceii coculture by blocking DC-SIGN, CD4, and CCR5. HIV-1 replication in the DC-T cell coculture 
at day 5 of the experiment is described in Figure 5A. Tiie results of day 5 are representative for days 6, 7, and 9 of DC-T eel! coculture. DC 
were also preincubated with mAb a inst th r with anti-CD4 and O nt mean 1 SD 
of triplicate cultures. One representative experiment out of two is shown. 

(Cj DC-SIGN interactions with ICAM-3 are not involved in the transmission of DC-bound-HIV-1 to T cells. DC (50 x 10 3 ) were pulsed for 2 hr 
with HIV-1 (M I i ! I n),wa nd cocuitu ictivated PBMC (50 x io J t fo i 

cncmokiK; i' C^ai.- RAN : F S h-". ■ 3 .,.,M|i ; M 0 :K V '-ni) or >..Ab ac,c».< t CL". (P^A 1 1) and DC SIGN (AZN-D1 and AZN-D2) (20 |i.g/ 
ml). Antibodies were added post-H!V-1 infection of DC. prior to the addition of PBMC. One representative experiment out of two is shown. 



it was transfecied with a DC-SIGN expression vector 
(Figure 1C). HIV-1 gp120 binding to this eel! Sine, THP- 
DC-SIGN, was also blocked by anti-DC-S!GN antibod- 
ies, but not by anti-CD4 (Figure 1D). Binding of HtV-1 
gp120 to DC-SiGN expressed on DC or THP-DC-SIGIM 
was aiso inhibited by the carbohydrate mannan or EGTA, 
indings (Curtis et ai., '1 992) 
and with the observation that DC-SiGN is homologous 
to other members of the Ca ? * -binding mannose-type 
lectins (Weis et ai., 1398). Together, these results dem- 
onstrate that DC-SIGN is a sp^o i ;i( id ti v ; st 
receptor for the HiV-1 envelope glycoprotein. 

DC-SIGN Is Required tor Efficient HIV-1 Infection 
in DC-T Cell Cocuitures 

Because DC-SiGN is escdusiveiy expressed on DC and 
has a high affinity for HiV-1 gp120, we reasoned that it 
might play an important role in HIV-1 infection of DC or 
of T ceiis that make contact with DC. Immature DC, 
which express iow levels of CD4 as well as CCR5 and 
abundant DC-SIGN (Figure 1C), were pulsed with the 
R5 isolate HIV-1 BA . L for 2 hr, washed, and cultured in the 



presence of activated T ceiis (Figures 2A and 2B). To 
determine the contribution of each of these receptors 
in this assay system, we examined the effects of anti- 
bodies against CDA and DC-SIGN and of a combination 
of three CCR5-specific chemokines (RABIES, MIP-1ct, 
and MIP-1f3). Preincubation of the immature DC with 
antibodies against DC-SIGN prior to infection resulted 
in significant inhibition of HIV-1 replication (Figure 2A). 
Neither anti-CD4 nor the CCRS-speeifie chemokines in- 
hibited on their own, although a combination of these 
did block, infection of DC (Figure 2A), which is probably 
due to efficient inhibition of the T cell infection by (un- 
bound anti-CDJl/chemokines. Activated T cells chal- 
lenged with the same virai load exhibited a weaker infec- 
tion than those cultured with virus-puised DC (data not 
shown). 

Since DC-SIGN binds to ICAivl-3 on T ceils, it is possi- 
ble that antibodies against DC-SIGN could interfere with 
the DC-T eel! interaction and thereby prevent HIV-1 
transmission. To examine this possibility, antibodies 
against DC-SIGIM were added after exposure of DC to 
HIV-1 but prior to the addition of activated T ceils. In 
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this setting, only CCR5-specific chemokines and anti- 
CD4 antibody strongly inhibited H1V-1 infection of acti- 
vated T ceils, while antibodies against DC-SIGN had no 
effect (Figure 2C). These results thus suggest that DC- 
SiGN has an important function in propagation of HIV-1 
in DC-T celi eoeultures and that this function is related 
to the abiiity of DC-SiGN to bind to gp120 and not to 
its interaction with SCAM-3. 

DC-SlGfy Does Not Mediate HIV-1 Entry 
To investigate whether DC-SiGN acts as a receptor that 
permits HSV-1 entry, similar to CD4 p!us CCR5, we stud- 
ied HIV-1 entry into 293T cells that expressed either DC- 
SiGN (293T-DC-SIGN) or CD4 and CCR5 (293T-CD4- 
CCR5). Cells were pulsed overnight with HIV BA . L and 
washed the next day, and p24 levels were determined. 
There was no detectable p24 protein in the culture su- 
pernatants harvested from 293-DC-SIGN cells several 
days after the HIV-1 pulse, whereas the 293T-CD4-CCR5 
ceils were readily infected {Figure 3A). 

To examine the possibility that DC-SIGN may work in 
conjunction with either CD4 or CCR5 to permit viral 
entry, we extended the studies by using HIV-1 pseu- 
dotyped with the envelope glycoprotein of the R5 isolate 
HIV-1 A0A . We employed a replication-defective HIV-1 ge- 
nome that encoded a luciferase reporter gene, which 
allows a quantitative measure of the levels of single- 
round infection (Figure 3B) (Deng et al., 1996). Tran- 
siently tran t I 293T cells exprt r jitnei OCRS 
(293T-CCR5), CD4 (293T-CD4), or both (293T-CD4- 
CCR5), in the presence or absence of DC-SIGN, were 
infected with the reporter virus, and luciferase levels 
were determined after 2 days. As observed with replicat- 
ing virus, HIV-1 entry was not detected in 293T cells 
that expressed only DC-SIGN (Figure 3B). No infection 
was observed if DC-SIGN was expressed with either 
CD4 or CCR5, indicating that DC-SIGN does not form 
a complex with these molecules to permit viral entry. 
In contrast, high luciferase activity was obtained after 
infection of 293T cells expressing both CD4 and CCR5, 
and expression of DC-SiGN did not contribute further 
to viral entry into these cells (Figure 3B}. Therefore, DC- 
SIGN cannot substitute for CD4 or CCR5 in the process 
of HIV-1 entry. 

DC-SSG!^ Captures HiV-1 and Facilitates Infection 
of HiV-1 Permissive Ceils in trans 
Because DC-SIGN did not appear to mediate virus entry 
into target cells, we hypothesized that in a DC-T cell 
coculture (Figure 2) DC-SIGN might facilitate both cap- 
ture of HIV-1 on DC, independent from CD 4 and CCR5, 
and subsequent transmission of HIV-1 to the CD4/ 
CCRS-positive T cells. To test this, THP-DC-SIGN 
transfectants, which do not express CD4 or CCRS (Fig- 
ure 1C) and whsch cannot be infected by HiV-1 (data 
not shown), were pulsed with single-round HlV-lucifer- 
ase virus pseudotyped with the HIV-1 AM envelope glyco- 
protein. After washing to remove unbound virus, the 
cells were coeulfured with CD4/CCR5-expressing 293T 
ceils, which are permissive for HIV-1 infection, or acti- 
vated T lymphocytes. THP-DC-SIGN cells were able to 
capture the pseudotyped virus and transmit it to the 
targes cells that expressed the receptors required for 
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Figure 3. DC-SIGN Expressed on Target Cells Does Not Mediate 
HIV-1 Entry 

(A) 293T cells were transacted with DC-SiGN or CD4 and CCRS 
and pulsed for 2 hr with HIV-1 (CCRS-tropic Hlv-W strain). Subse- 

jc ere cultural for 9 d.-jj 

srk! p24 SBHigers tevehswere measured by B. ISA. OwtepresertraMve 
experiment of two is shown. 

(S) 2S3T cells and 293T cells stably expressing either CD4, CCRS, 
or CD4 and CCRS were transiently transfected with DC-SiGN and 
subseqi H\oed CRS tropic H!V»1 AD „ virus 

in the presence of polybrene {20 , t gfmi}. Luciferase activity was 
evaluated after 2 days. One representative experiment out of three 



virai entry (Figure 4A). HSV-1 capture was completely 
DC-SiGN dependent, as antibodies against DC-SIGN 
inhibited HSV-1 infection (Figure 4A}, and DC-SIGN-neg- 
ative parental THP-1 cells were unable to capture and 
i! ansmit HSV-1 (Figures 4A and 4B). Similar to our previ- 
ous findings, the DC-SIGfSi-mediated infection of the 
target ceils was not due to DC-SIGN binding to SCA!VS-3, 
since 293T cells are SCAIV3-3 negative. These findings 
indicate that DC-SiGN expressed at the surface of heter- 
ologous ceils can capture HSV-1 Sn a form that retains its 
capacity to subsequently infect HIV-1 -permissive celSs. 
The abiiity of DC-SiGN to capture and transmit HiV-1 
was aiso observed with HIV-iuciferase viruses pseu- 
dotyped with envelope glycoproteins from an additional 
five R5 isolates, including three primary isolates (Figure 
4B), and from the X4 isolate HXB2 (data not shown). 

Analysis of luciferase activity in both adherent (233T- 
CD4-CCR5) and nonadherent (THP-DC-SIGN) celi frac- 
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(A) DC-SIGN capites H;v- I <■>■ ii ■ .!n<.i- Wer.iiOf.ofHIV-1 permis- 
i s Gf\ I f f < ill I CP x 10 3 S were preincu- 
bated for 20 min at room temperature with blocking mAb against 
DC-SIGN (AZN-D1 and AZN-D2; 20 ng/mi). The THP-DC-SiGN cells 
were infected with HIV-luciferaw virus pseiidofyped with RS snaii: 
HIV-IamE™. Alternatively 1 I » '3 o infected with pseu- 
i 1 c ru; AHei 2 I at >~? the infectec ce! « e 
1 S3T-CD*-CCR5 cells o 

activated primary T cells (I'm : > - ' ! infection was determined 
after 2 days by measuring the liicifersse actively. One representative 
experiment out of three is shown. 

SIGN is able to mediate capture of HiV-1 viruses pseu- 
dotyped with M- tropic HIV-1 envelopes frem different primary mo- 
te .i ;h > tedc ipture was performed as described in 
(A) on 293T-CD4-CCR5 with HiV-luciferase viruses pseudotyped 
j ,RFL jnd JRCSF and 
from prirtiaiy viruses 92US715.6, 92BR020.4, and 93TH96&.8. One 
representative experiment out of two is shown. 



lions after 2 days of coculture demonstrated that pro- 
ductive HIV-1 infection oceured only in the HIV-1 permis- 
sive 293T-CD4-CCR5 ceils (data not shown). Similarly, 
by using a pseudotyped HIV-1 vector with the green 
fluorescent protein gene in place of Nef (HIV-eGFP), we 
demonstrated that ceils expressing CD4/CCR5 and not 
those expressing DC-SIGN were infected in cocultures. 
Thus, after cocuSture of virus-pulsed THP-DC-SIGN cells 
with T cells, only the CD3 " f T cells expressed virus- 
encoded GFP (Figure AC). 

Sexual transmission of HIV-1 is likely to require a 
means for small amounts of virus to gain access to cells 
that are permissive for viral replication. This may be 
achieved because of the ability of virus to interact with 
DC, which can capture HiV-1 and present it to the per- 
missive cells. To mimic in vivo conditions in which HIV-1 
levels are likely to be limiting, we challenged THP-1 
transfectants with low titers of pseudotyped HIV-1 and 
subsequently eocultured these cells with HiV-1 permis- 
sive cells, without washing away unbound virus (Figure 
5A}. As expected, neither 293T-CD4-CCR5 cells nor acti- 
vated T cells were efficiently infected with the low titers 
of pseudotyped HIV-1 (Figure 5A). Strikingly, when these 
permissive cells were challenged with an identical 
amount of HiV-1 in the presence of THP-DC-SIGN, but 
not of the parental THP-1 cells, efficient HIV-1 infection 
was observed in trans (Figure 5A). The enhancement of 
HIV-1 infection of primary T cells by DC-SIGN was also 
observed with HiV-luciferase viruses pseudotyped with 
five other RS envelopes, including three from primary 
virus isolates (Figure 5B). These results indicate that 
DC-SIGN not only sequesters HIV-1 but also enhances 
CD4-CCR5-mediated HIV-1 entry by presentation in trans 
to the HIV-1 receptor complex. Antibodies against DC- 
SIGN completely inhibited infection (Figure 5A), demon- 
strating that the efficient enhancement of HIV-1 entry 
into CD4/CCR5-positive ceils is DC-SIGN dependent. 

DC Present in Mucosa! Tissues at Sites of HSV-1 
Exposure Express DC-SIGN and Are CCR5 Negative 
Demonstration that ceils that express DC-SIGN can cap- 
ture HIV-1 and efficiently transmit the virus to other cells 
in trans suggested that DC that express this C-type 
lectin have a key role in viral infection in vivo. To deter- 
mine whether such cells are indeed present in vivo, we 
performed Immunol of mucosal 

tissues, shat are the sites of first exposure during sexual 
transmission of HIV-1 (Figure 6A). DC-SIGN was ex- 
pressed on DC-like ceils with large and very irregular 
morphology that were present in the mucosal tissues, 
such as cervix, rectum, and uterus (Figures 6Aa, 6Ab, 
and 6Ac, respectively), in regions beneath the stratified 



i ' i J i in the T cell/THP-DC- 

SIGN coculture. THP-DC-SIGN c*«sv»ere incubated with HiV-eGFP 
viruses pseudotyed with M-tropic HIV-1 aDA and subsequently eocul- 
tured with activated T cells. The CD3-negalive THP-DC-SIGN cells 
were not infected by HIV-1, whereas the CD3-positive T cells were 
infected, r cells, gated by staining for CD3 ftricofor), were positive 
for eGFP. whereas Cu3-negative THP-DC-SIGN that initially cap- 
tured HiV-eGFP did not express eGFP. One representative experi- 
ment out of two is shown. 
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Figure 5. DC-SIGN Enhances HSV-1 infection of T Ceils by Acting 

At a low virus load, DC-SIGN in trans is crucial for the infection 
of HiV-1 permissive ceils. THP-1 transfectants (100 x 10 s ) were 
preincubated for 20 min at room temperature with blocking mAb 
against DC-SIGN (AZN-Di and AZN-D2; 20 jig/mi). The cells were 
infected by low amounts of pseudotyped HIV-l^s virus (At or other 
r 1 esofHIV-1 (3 < Uhelh 1 i crion it iiriglf 

round infection assay. After 1 hr at 37 C, the ceii/virus suspension 
mas directiy added to either 293T-CD4-CCR5 or activated T ceils 
(100 x 10 s ). The irtfectivity was determined afte! 2 days by measuring 
the iucif'erase activity. One representative experiment out of two is 

squamous epithelium in the lamina propria. Anaiyses of 
serial sections stained for CD3, CD2Q, CD14, and CD68 
confirmed that DC-SiGN-expressing ceils were distinct 
from T ceiis, B cells, monocytes, and macrophages (data 
not shown). Similarly, in the accompanying paper (Geij- 
tenbeek et al., 2000), staining of lymph nodes and skin 
has shown DC-restricted expression of DC-SiGN. We 
have aiso compared expression of DC-SIGN, CD4, and 
CCR5 on DC in the mucosa of the uterus and rectum 
and found in seria! sections that the majority of DC- 
SiGN-po i'sD heset u < ssed CD4 but 
lacked CCR5 (Figure 8B). This suggests that DC present 
at mucosa! sites, that have first contact with HIV-1 during 
sexual transmission, are not infected with HIV-1 through 
usage of CD4/CCRS. This observation is consistent with 
the recent demonstration that DC at sites of mucosal 
infection of nonhuman primates do not become infected 
(Stahi-Hennig et ai., 1999). 

DC-SSGN-Bourad HIV-1 Retains Infectivity 
after Long-Term Culture 

if HIV-1 g s:r - s s;rondary lymphoid organs by 
way of binding to DC, then virus would have to retain 



infectivity during the transport from the mucosa! tissues 
to the T ceil zones in draining iymph nodes. To determine 
if virus bound to DC-SIGN retains infectivity for a pro- 
longed period of time, we first conducted a time-course 
experiment to determine the length of time that HIV-1 
gp120 remains bound to DC-SIGN expressed on trans- 
fected THP-1 celis. We observed that gp120-coated 
beads remained bound to DC-SIGN for more than 80 hr 
{Figure 7A). We next investigated the length of time dur- 
ing which HIV-1 -pulsed THP-DC-SIGN cells could retain 
infectious virus. The DC-SIGN-expressing transfectants 
were pulsed with pseudotyped HIV-1 for 4 hr and then 
washed extensively. The pulsed celis were subsequently 
placed in culture and were removed at defined intervals 
and cocultured with activated T cells {Figure 7B). Re- 
markably, after 4 days the HIV-1 -pulsed cells were still 
able to efficiently infect target cells. In contrast, virus in 
the absence of DC-SIGN-positive cells li il infectivity 
after 1 day. These findings support the hypothesis that 
limiting numbers of HIV-1 particles, captured by muco- 
sa! DC that express DC-SIGN and CD4 but not CCR5, 
retain infectivity during and after migration to regional 
lymphoid tissues. T cells, which express CD4 and CCR5, 
would then be productively infected due to DC-S1GN- 
rnedsated enhanced trans infectivity of the small num- 
bers of HIV-1 particles {Figure 7C). 

Discussion 

We have identified 3 novel DC-specific adhesion recep- 
tor, DC-SiGN, that is identical to the high-affinity HIV-1 
gp120-binding C-type lectin cloned from a human pla- 
enta! ~ : vA iibran ■ ; > -ntvesk et ai., 2000). We have 
demonstrated that DC that express both DC-SiGN and 
CD4 preferentially use DC-SiGN to capture HIV-1 via its 
high affinity for HIV-1 gp120. DC-SIGN not only effi- 
ciently recruits HIV-1 but also facilitates HIV-1 infection 
of CD4 + T cells by a novel in trans mechanism. Our 
findings thus indicate that HIV-1 utilizes a novel receptor 
strategy that has not been previously described in other 
viral systems, and suggest that the virus exploits multi- 
ple ceil surface receptor systems to ensure that it can 
establish a productive infection in its host organism. 

DC localized in the skin and mucosa! tissues such as 
the rectum, uterus, and cervix have been proposed to 
piay a role in initial HIV-1 infection. DC constitute a 
heterogeneous population of celis that are present in 
minute numbers in various tissues just beneath the der- 
mis or mucosal layer and form a first-line defense 
against viruses and other pathogens. DC have pre- 
viously been shown to sequester HIV-1 and efficiently 
transmit the virus to CD4 + T cells. We have demon- 
strated here that this property of DC can be ascribed 
to the ability of HIV-1 to bind specifically to these cells 
through the interaction of gpl 20 with DC-SIGN. DC thus 
efficiently capture HIV-1 through a specific interaction 
that is independent from binding of virus to CD4 and 
CCR5. DC-SIGN cannot mediate HIV-1 entry but rather 
functions as a unique HIV-1 trans receptor facilitating 
HIV-1 infection of CD4/GCR5-positive T cells {Figures 4 
and 5). At low virus titer, CD4/CCR5-expressing cells 
are not detectably infected without the help of DC-SiGN 
in trans {Figure 5A). Conditions in which the number of 
HIV-1 particles is limiting are likely to resemble those 
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Figure 6. DC-SIGN Is Expressed on DC Present in Mucosal Tissue that Do Not Express CCR5 
Immunohistochem l SIGN expression on mucosal tissue sections, 

(A) f teen mx section * e stained v i i ^GhirtAb ^eivix (a) rectum (b) ana uteru ! i atiors 2GGx) Ail 

i the lamina prop" at these DC-S!GN-posi8ve 

cells do not express CDS, CD20. CD14, and CD68 (data not shown). 

W tmmunohislochemica! staining of serial sections of rectum (a-c) and uterus (d-0 with antibodies against DC-SIGN (a and d), CD'S (b and 
e), or CCR5 (c and f). 



found in vivo, and the results thus suggest that DC- 
SIGN may be required for viruses to be transmitted from 
mucosa to T ceiis that express CD4 and chemokine 
receptors. Irs addition, our studies demonstrate that vi- 
rus bound to DC-SiGN is remarkably stable and can 
thus retain infectivity for the prolonged periods of time 
required for DC to traffic via lymphatics from mucosa 
to regional lymph nodes {Figures 7A and 7B). 

Mechanism of DC-SIGI^-sVfediated Enhancement 
of H1V-1 Infectivity 

The mechanisms by which HIV-1 exploits the machinery 
of DC and the properties of DC-SiGN to achieve efficient 
infection of ceiis that are competent for virai repiication 
remain unclear. The process through which DC-SiGN 
promotes efficient infection in trans of ceils through their 
CD4/chemokine receptor complex is of particular inter- 
est. Binding of the virai envelope glycoprotein to DC- 
SIGN may induce a conformational change that enables 



a more efficient interaction with CD4 and/or the chemo- 
kine receptor. As multiple conformational transitions are 
required before the envelope glycoprotein initiates fu- 
sion with target membranes, the binding of DC-SIGIM to 
gpl 20 may facilitate or stabilize one of these transitions. 
Anti-gp120 antibodies that increase infectivity of viral 
particles have been described (Lee et ai., 1997), and it 
is possible that DC-SiGN has a similar effect upon bind- 
ing to the envelope glycoprotein. Alternatively, binding 
of visa! particles to DC-SiGIM may focus or concentrate 
them at the surface of the DC and may thus increase 
the probability that entry will occur after they bind to 
the receptor complex on target cells. Although the mo- 
lecular mechanism has to be investigated in more detail, 
it is clear that DC-SIGN enhances the infection of T 
ceiis, since at low multiplicity of infection T ceils are not 
infected in the absence of DC-SIGN. 

Whether a transient quaternary complex is formed 
between DC-SIGN, HSV-1 Env, CD4, and CCR5 remains 
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incubated with gp120-coated beads. Beads bound 

ans. THP/THP-SIGM ceils were pulsed for 4 hr with 
>1 and AZN- D2, 20 |xg/mi). After washing, the HIV-1 
■us were incub.vt c i n without ceiis. 

-CCR5 cells in order to measure infectivity. Lysates 



sry day. aiiquols. of the HIV-1 pulsed ceils were added to WV-1 pern 
examine luciferase activity were obtained after 2 days of coculture. 

! ' >i ' j i xposi I ! > r i i i 

esposi e arid are live. HiV-1 adheres to DC-S f . i , i ) t HiV-1 mig sles 

to the lymphoid tissues. Upon arrival, DC will cluster with T cells, and DC-SiGN enhances HiV-1 infection of T cells in trans leading to a 
productive m 



to be determined. Elucidation of the crystal structure of 
a gpl 20-CD4 complex has revealed that most giycosyia- 
tion sites within gpl 20 reside in a ridge that flanks the 
CD4-binding pocket (Kwong et ai., 1998). Since mannan 



blocks the binding of gp120 to DC-SiGN, it is likely that 
this C-type lectin binds to one or more carbohydrate 
moieties in gp120. Itremains possible, however, that the 
lectin domain of DC-SIGM interacts with the polypeptide 
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backbone of gp120. Further studies with mutant forms 
of gp120 and with soluble DC-SIGN may be informative 
in efforts to elucidate the mechanism of enhanced in- 
fectivity in trans. 

In a separate study, we have shown that DC-SiGN 
binds to iCAM-3, which is expressed constitutively on 
the surface of T lymphocytes (Geijtenbeek et al„ 2000). 
Enhancement of target cei! infectivity by DC-SIGN- 
bound HIV-1 was not dependent on the presence of 
ICAM-3 on target cells. However, we observed that en- 
hancement of infectivity was consistently better when 
target cells were T cells rather than 293-CD4-CCR5 cells, 
it remains possible that the efficiency of viral transmis- 
sion from carrier DC to target T cells may also be en- 
hanced by specific adhesive interactions other than DC- 
SIGN-ICAM-3, such as LFA-1-ICAM-1, which predomi- 
nates the adhesion between DC and activated T cells 
(Geijtenbeek et a!., 2000). Therefore, antibodies against 
DC-SIGN do not inhibit She DC-T cell transmission of 
HIV-1 postinfection {Figure 2C). 

Role of DC in HIV Infection In Vivo 
The only HIV-1 receptors previously known to have a 
role in HIV-1 entry were CD4 and a subset of the G 
protein-coupled chemokine receptors, including CCR5 
and CXCR4. CCR5 functions as the major receptor for 
strains of virus previously classified as "macrophage- 
tropic," and only those strains that can utilize this che- 
mokine receptor can be efficiently transmitted between 
! id dual (Littman, 1 998). Other gp120-binding recep- 
tors had been previously identified, including DC-SIGN 
and galactosyl ceramide (Harouse et a!., 1991}, but these 
had not been shown to be involved in virai entry. This 
study shows that DC-SIGN not only binds HIV-1 but can 
also sequester it and catalyze its entry into cells that 
express CD4 and chemokine receptors. Although it re- 
mains to be determined whether DC-SIGN has a signifi- 
cant role in HIV-1 pathogenesis in vivo, our in vitro re- 
sults and the pattern of expression of the different 
receptors in mucosal tissues are consistent with its hav- 
ing a key function in the early stages of viral infection. 
Remarkably, our immunohistochemicai analyses clearly 
demonstrate that CCR5 is not expressed in the lamina 
propria of HIV-1 -related mucosal tissue (Figure 8), 
whereas DC-SIGN is abundantly expressed. This obser- 
vation confirms and extends the findings of Hladik et 
ai. (1999), who showed that DC present in the genital 
tract also lack CCR5, and str< r^ly suggest that HIV-1 
cannot infect DC present at mucosal sites. 

DC-SIGN may therefore play a crucial role in initial 
HIV-1 exposure by mediating viral binding to DC present 
in mucosal tissues, rather than infection of these cells. 
The high h i sion of DC-SIGN on immature 

DC and Us high affinity for gp120, which exceeds that 
of CD4 (Curtis et a!., 1992)"', indicate that DC-SIGN is 
endowed with the ability to efficiently capture HiV-1, 
even when the virus is present in minute amounts. HIV-1 
may subsequently exploit the migratory capacity of 
the DC to gain access to the T ceil compartment in 
lymphoid tissues. DC must be activated to commence 
their migration, and it is hence possible that multimeriza- 
tion of DC-SIGN on the cell surface of DC by interaction 
with the multivalent virus particles may initiate this pro- 
cess Interestingly, the time course experiment shows 



that DC-SIGN is able to capture and bind to HIV-1 for 
more than 4 days, after which the virus can still infect 
permissive cells. This long-term preservation of HIV-1 
in an infectious state would appear to allow sufficient 
time for it to be transported by DC trafficking from muco- 
sal surfaces to lymphoid compartments, where virus 
can be transmitted (Figure 7C) (Steinman et a!., 1997), 
Several groups have reported that DC can migrate from 
the periphery to draining lymph nodes within 2 days after 
antigen exposure or HIV-1 challenge (Barratt-Boyes et 
ai., 1997; Stahl-Hennig et ai., 1999). Viral particles have 
been reported within endocytic vesicles of DC. This ob- 
servation suggests that DC-SIGN-bound HIV-1 may be 
internalized and protected during the time required for 
the cells to complete their journey to the regional lymph 
nodes. Further studies will be required to determine 
if virai internalization is essential for maintenance of 
infectivity. 

Our data suggest that, after HIV-1 has been ferried 
by DC to the lymphoid compartment, DC-SIGN presents 
the bound viral particles to the CD4/CCR5 complex 
present on T ceils and greatly enhances their entry into 
these cells (Figure 7C). We showed that monoclonal 
antibodies directed against DC-SIGN blocked produc- 
tive infection occurring in the T cell eoeultures with CD4/ 
CCRS-positive monocyte-derived DC. Therefore, even 
in the presence of obligatory HIV-1 receptors present 
in cis on target cells, DC-SIGN functions as a trans 
receptor for HIV-1 infection of T cells and is critical in 
the primary eoeultures. This is an important example of 
how a receptor can work in trans. Interestingly, CD4 
can facilitate HIV-1 infection of CD4-negative cells that 
express OCRS by a trans receptor mechanism, although 
it remains unclear whether this is an important route 
of infection in vivo (Speck et al., 1999). In that case, 
interaction of envelope glycoprotein with CD4 results in 
a conformational change that permits binding of the 
virus to CCR5 on CD4-negative cells. Together with the 
results presented here, these studies indicate that HIV-1 
can use receptors in trans to facilitate infection of cells 
that otherwise may be difficult to infect either because of 
lack of proper receptors or because of their anatomical 
distribution relative to the sites of HiV-1 exposure. 

The discovery of the role of DC-SIGN in HIV-1 infection 
may have significant implications for understanding the 
mechanism of HIV-1 transmission and for developing 
strategies to prevent or block viral infection. The obser- 
vation that transmission of infection is confined to R5 
strains of HiV-1 has remained a major enigma. In prelimi- 
nary studies, we found that DC-SIGN captures and en- 
hances infection of both X4 and R5 strains, and it is 
thus unlikely that preferential interaction of DC-SiGN 
with CCR5 would account for the restriction in tropism 
during transmission. Nevertheless, the demonstration 
that uninfected DC contribute to the process of viral 
entry raises the possibility that the requirement for CCR5 
utilization may reflect a requirement for interaction of 
mult a e reii types. The inhibition of HIV-1 infection ob- 
served in the presence of anti-DC-SiGN antibodies sug- 
gests that interfering with the gp120-DC-SIGN interac- 
tion either during the capture phase of DC in the mucosa 
or during DC/T ceii interactions in lymphoid organs 
could inhibit dissemination of the virus. Small molecule 
inhibitors, potentially carbohydrate-based, that block 
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the ability of gp120 to bind to DC-SIGhi may be effective 
in prophylaxis or therapeutic intervention. Vaccine strat- 
egies aimed at eliciting mucosa! antibodies that inhibit 
gp120 binding to DC-SIGN may also be efficacious in 
preventing early establishment of infection. The efficacy 
of gp120 vaccines has been measured as a function of 
the levels of neutralizing antibodies that inhibit HIV entry 
through CD4 and CCR5. Our results thus suggest that 
levels of antibodies that block virus binding to DC-SIGN 
or the DC-SIGM-mediated enhancement of infection 
may also be predictive of protection. 

Experimental Procedures 
Antibodies 

The following mAb were used: 2D? (anti-CCRS; Becton Dickinson 
and Co., Oxnard, CA) and CD4 (RPA-T4; PbarMingen, San Diego, 
CA). Anti-DC-S!GN mAb AZN-B1 and A2N-D2 were obtained by 
; hybridoma supernatants of human DC-immunized EALB/c 
mice for the ability to block adhesion of DC to ICAM-3, as measured 
by th; :'•>■ rest ' n: bf a ihes on ,•• j 

Ceiis 

immature DC were cultured as previously described (Geijtenbeek 
et at.. 2000). Stable THP-1 transfectants expressing DC-SIGN were 
:ion of THP-1 cells with pRc/CMV-DC-SIGN 
by eiectroporation similarly as described (Lub et a!., 1997). 

Fluorescent Bead Adhesion Assay 

Carfcoxylale-modified TransF luor Spheres (488/645 nm, 1 .0 ;J .m; Mo- 
. ular I Eobes Euge« OR) wen coated mtn M tropic HIV 

velope; s / i as* ' W. 

beads (Geijtenbeek et al., 1999)- Streptavidin-coated beads were 
incubated with bxttir ! ( rag nent rabbit anti-sheep IgG 

{6 |j-g/ml; Jackson Immunoresearcb) followed by an overnight incu- 
bation with sheep-anti-gpl20 antibody D7324 (Aalto Bio Reagents 
Ltd., Dublin, Ireland) at 4'C. The beads were washed and incubated 
with 250 ng/iri! purified HiV-1 gp120 (provided by immunodiagnos- 
tics, Inc., through the NIH AIDS Research and Reference Reagent 
Program) overnight at 4 C. The fluorescent beads 3dhesion assay 
was performed as described by Geijtenbeek et al. (1999). 

HIV-1 Infection of Both DC and DC-SIGN Transfectants 
The fvl-tropic strain H!V-1 B! ,.. was grown to high titer in monocyte- 
! t>;r titration of the virus 

stock { ■ fv'lDFvl D, 0 was del » vit.h a p24 antig< n Fl ISA 

{Diagnostics Pasteur, Marnes la Coquette, France) and estimated 
as lOVmi. DC (50 x 10 s ) preincubated with mAb against DC-SIGN 
(AZN-D1 and AZM-D2) or CD4 (RPA-T4) (20 |j.g/m!) or a combination 
of CCRS-speciHc - ::<,aaj ft \, fvliP 1 rd:o 1 , > ,« h 500 

o • pulsed for 2 hr with 
HIV-1on (at a multiplicity of infection of 10 s infectious units per 10 s 
i ished. and cocultured with activated PBMC (50 x 10 3 ). 
No D 1 cell vi yt i rmat i f 

experiment was pei rmed sim i t if r *bo"i(-! ^ 

kines were added after the washing step of the HIV-1 pulse, together 
with she activated PBMC. Culture -supernatants were collected »». 
day % 6, 7, and 9 after OC-T cell coemture and p24 antigen levels, 
as a measure of HIV-1 production were determined by a p24 antigen 
ES.ISA. PBMC were activated by cuifuhiw them in the presence oi 
IL-2 (10 U/ml) and PHA (10 ^g/m!) for 2 days. 

Pseudotyped viral stocks were generated by calcium-phosphate 
lur,'(ilihi c " smid pNl-Luc-E"R 

(corilaliiliig a luciferase reporter gene) or the proviral pHIV-eGF P 
(containing a GFP reporter gene) and expression plasmids for ADA, 
JRFl. ami JRCSF gpi60 envelopes. The isolatiors, identification, 
' ■ i i encoding the primary virus enve- 

lopes from 92US715.6, 92BRG20.4, and 93TH966.8 has been pre- 
vlotisiy described {Bjorrtdal et el., 199 jj. Viral stocks were evaluated 
by limiting dilution on 293T-C04-CCRS cells HIV-1 pseudotyped 
with munne leukemia virus iiV'LV!, amphotropic Fnv, and vesicular 



stomatitis virus glycoprotein (VSV-G) were used to ensure target 
cell viability. 

Immunohistochemical analyses were performed as described 
previously {Geijtenbeek et al., 2000). 
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tropism of hepatitis C virus (HCV) 
tified. We have shown previously that, liver-expressed 
C-type lectins L-SIGN and DC-SIGN bind the HCV E2 
glycoprotein with high affinity (Lozach, P. Y„ Lortat- 
Jacob, H., de Lacroix de Lav alette. A., Staropoll, I., 
Foung, S., Amara, A., Houles, C, Fiesehi, F., Schwartz, O., 
Virelizier, J. L., Arenzana-Seisdedos, F,, and Altmeyer, 
R. (2003) J. Biol Chem. 278, 20358-20366). To analyze the 
functional relevance of this interaction, we generated 
pseudotyped lentivirus particles presenting HCV glyco- 
proteins El and E2 at the virion surface (HCV-pp). High 
mannose iV-glycans are present on El and, to a lesser 
extent, on E2 proteins of mature infectious HCV-pp. 
Such particles bind to both L-SIGN and DC-SIGN, but 
they cannot use these receptors for entry into cells. 
However, infectious virus is transm < 
when permissive Huh-7 cells are co cultured with 
HCV-pp bound to L-SIGN or to DC-SIGN-positive cell 
lines. HCV-pp transmission via L-SIGN or DC-SIGN is 
inhibited by characteristic inhibitors such as the Cal- 



eb e 



EGTA i 



■ do; 



tibodies di- 
ion domains 



trbohydrate ; 

of both lectins. In support of the biological relevance of 
this phenomenon, dendritic cells expressing endoge- 
nous DC-SIGN transmitted HCV-pp with high efficiency 
in a DC-SIGN-dependent manner. Our results support 
the hypothesis that C-type lectins such as the liver si- 
nusoidal endothelial cell-expressed L-SIGN could act as 
a capture receptor for HCV in the liver and 
infectious virions to neighboring hepatocytes. 



Hepatitis C virus (HCV),' a member of the flax. 
jenus Hepacivints, is essentially transmitted di 



vir-idoc an 
ring parer 



ache 



site of virus replication, is not clear. Several cellular proteins 
have been proposed to a * . i t CV on hepatocytes 

including CD 5U j ' * 1 i 1 low 

density lipoprotein receptor (1-3.), ben these cellular proteins 



hi; 



Liuis 



repatic 



Bos 



th.it iiv>-] inn .ne ii -ndctheiiai ceil (LSEC.! represent an 
obstacle to passive diffusion from the blood into the hepatic 
tissue. LSEC prevent access of leukocytes to hepatocytes (5) 
and limit the passage of in .iecules 1 irger thau 12 mn in diam- 
eter from the sinusoidal hmien to hepatocytes (6). Thus, pas- 
sive diffusion through the fenestrated liver endothelium seems 
unlikely to mediate rapid and efficient hepatocyte targeting by 

role in the ca i , ■ ntration of hepatotropic viruses 
such as Duck Hepatitis B virus before their transmission to 
neighboring hepatocytes (7). Duck Hepatitis B virus whose 
envelope proteins are glycosylated (8) can be detected in the 
i.eiv" ■■ i.js.i ie i i i .a: nee- net-lion. C-type 



1 t i GN might be t 

specific retention of enveloped hi 
} gl .< pi - ■ u SEC O- 10 
th-c-rm. :a the r< iated molecule, 
liver in Kupffer cells (11), whi. 
phages localized close to LSEC ; 

L-SIGN and DC-SIGN act as p 
(12) and share 77% sequence ho 



sible tor 
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Several viruses including HCV bind to these lectins via 
envelope glycoprotei i ; itly. DC- SIGN 1 

1 to m he infection of demerit >C) a 



nd Fig 



v' El 



in the endoplasmic reticulum via their transmembrane do- 
mains and carry 6 and 11 high mannose rV-glycans, respec- 
tively (20-22). Previously, we and others (23-25) reported that 
the HCV glycoproteins and virions contained in the sera of 
HCV patients were captured by L-SIGN and DC-SIGN. The 
high mannosylated giycoform of HCV E2 binds to L-SIGN and 
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DC-SIGN ' ' , ' - - 6 and 3 nM, respectively) (23). The transfecting DNA mixt 

However, due to the Lack of an efficient culture system and of pirip4jF^or pTrip-ii 

purified HCV virions, no information is available on the glyco- ^ 1 . . 3 -,. ( 

sylation status of El and E2 on mature infectious HCV virions tein reS p ec ti vf ,i 

(Aenv-pp), the a 

In this study, we investigated the role of L-SIGN and DC- the same 'amount of P 8.71 plasmid (13 «t total). Medium 

SIGN in viral entry and transmission to hepatocytes using 16 h after irai^f-l n b, IWEM rtl -d « tb 1 t 

pseudotyped leutivirus part icles carrying functional El and E2 To produce il- \ t,, uii '•" » > • • x ! • »•* 

glycoprot i I i O , , 1 ^, , , ( ! 

teract with L-SIGN or DC-SIGN ir. a different manner com- ^ Fo, r / I , i [ , 

pared i it j I i i . t 3 i i c , ] > , , 

specific capture receptor for HCV. M.x r S, \ 

supernatant* 24 h after transfeetfcm. Supernatants we 

EXPERIMENTAL PROCEDURES M , <■ , , , f| | , „ „ 

i I I » * .Loan SW 28 re<-c 

\i! ital IP,2 , i I , i , , I Nr. ! < 1 ( i . i ' cell )tiii( ii 

is Inert- I i t mist ill bun u i ir-.i cod uiej ii ^ J\ , , _ ,, , , I, „ , 

mAC, .all ■■)■• Si<:\ ,:•'..:,:,',!:■., ...„ . L ',!< :\ ■ : \i, : . r; pi. ,ad .at, /»,■„,/,■ „..'.,.. fa ; s„ •„■... I;a<,v 

f-SKtri/nnii IX'-SIUN i FAF, I da i P) were aan-Pased from l-Pvl; Svs- unv delected by FACS using phycoer 

Ion-. Murine mAbs «n<M.-SiaN/mtti-)X%SIUN (mAbiC2 0 and ai.ti- SIGN ' FAI, ldaP). aide IX'-SiC-N iFAFId 

I ■ ( \ i I i 1 



and the pTrip-GKP and pTn>hi.-ifon..«. olo-n,mis, encoding .„, 1 1 IV- (.v.. . ,., I!C\ ;•>• >'"''••"• M< \ f>i> •.. ..I p24 equivalent) i; 

based transfer vector containing a CMV-GFP or a CMV-iuciferase in- were submitted to a 20 -60% sucrose density gradient (10 mi) using a t 

tenia! transcriptional unit, respectively, were described previously (Pig: Beckman SW 4.1 rotor (40,000 rum 18 b 4 T) Fractions (600 pi) were o 

1A) (29 -31). The pCDNA3-VSVG (vesicular stomatitis virus G protein) collected and analyzed (IS jjl) directly by Western blotting. J 

I TIm- ,lu.nl\ <•.•.!...« U lb. .»(. a .fib. ai; m b.ai -pina! lain followed by an overnight incubafion at 37 °c"in G7 buffer (50 mM c 

fluid isolate was used to produce I! IV .laeudoparticlos (KTV-pp) (32). It sodium phosphate, pi I 7.5, New England BioiaU), Nontdei P-P) buffer g. 

codes for an HIV genome in which the Nef gene has been replaced by a <1% Nonulel !M(>, New England l-bolabs) ronlainbg endoglycosidase H p 

lucif'erase reporter gene. (2 milikmit.s of Kmlo II, R.-k be Applied Si-Ion. o,i or |»-p!ido /V-glycosi - f. 

Cell Lines and C-lvpc i„ ■<:!:,: K.xpresshn—Huh-7 is an adherent h.i- clase F (1000 U of PNGase P, New PIn K lan<i PSiolai.s! I ICV -pn subjeel ed o 

man hepatoc I I / , < diej cell line. to the same procedure in the absence of PNGase F or Endo H were used 8 



(l)MPIV!) snppie.aenled wiib MV/ t felal raif senna ( PCS) anu 1% P e:n- Proirai exlraeis were anaiyy.ed hv S I )S - PAG P i N ui'At I K Nevex Pis- 

cdhn'shti'tou hi !l 1P1 < ii, .i< a . i. !i< I . i ]i 5 c I [ i s , i , id insf. n. i i ii nob i P membranes (Mil- 

Hrtli'i PS I I 1 i IN i II 

i I I hi] v x - v I i i < ) ' 8 ( N ) i . II * I Ibu I k i! i . iii . i „ i lior-,,- 

ii | i i i M I > I 1 ' < i i 
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Ad il 1 1 . i I i I ii i i i i j . i i i i i uiP 

Purification of I! , 1 /7!.lf( ' . /?CT-w-Adl rent ceils (5 X If) 4 ) ere plat 1 in 

I'A lb una., PB\K' were is., Ian d from : ,e d tin 0, .. „-:- I ei: plates 24 !■ l-elaie inle. Hon in l)M: ,\l la urn US', PCS. MP 

by dcuwty gradient cmstrifugath g < 1 II il < - , I ,1 , 

, i! I 1 - , i I, I 1 1 i , I , I > . re seeded • I I < i l! Ii < < , ana i , ,1 ll, 

tilt I n> I ■ I ' 1 I I I I I I I I fa! I II 1 I II ! M 1 PCS « ere added. HI, 

loved and replaced with 1 ml of DMEM 

, i ! . 1 i I w i i | ,,| 

.11 I i I i . i^i 1 1 i i Iii 1 ACS ail \C 

lab-dPBMf i ii i' :i' > I ' i ii i I I i i I I ei I .11 i 

tl n srrrcd i In'-ckn i >s< l i I I til I i . i i i i I t i j >■ gun) inlJn 1 \! P 

Production and Pm-il'cnrion nf P f:C!! doiv P ed Lentivirus Particles-- aeiiviie. 

HEK293T cells ^ er 1 I a.- b. t, .. e tr n. ,fe, r _ > /<->./>m. p.. , r,. DC SIGN and L-SIGN—- 

uid Hi cm plot- n, 1'nj,i , i iCilAi, la S AKiiam w ,,.eni ,,-d i, Pmdim ,^ays wer, jvrf„rmeJ m Tl' PTHP1 , P.THP1-ES, BTRP1 - 

h tore transfection by fresh medium (10 ml). Ceils w ere transfected DCS. or dendritic cells in 200 jA of C buffer (BPMI 1640 medium 

using a s osphah im transfection method (Clontech) without FCS containing 1 mM CaCU and 2 mM MgCl,) in 96-well plates 
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particles coiaaioinp inhibitor. Inhibitors were used a? a final concen- 
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shown in Equation 1. 



Bo-. 



n from HCV-pp - Round 



IICV-/H, and ,','CV 7C, ;!.-,vh-n.s/.-», .W ftC liTlif'!-LS, aafi 

!(■)•,'!>•' •>■ S < «,'< I , , U in lO 1 ) were I i bav , 
transmission in 12-well plates in DMEi\ upplemc-i 1 with 10% PCS 
Before: coeulture, ceils were washed three times with FCS-firee medium 
and incubated in oi)0 a! of l-VS-boe DM KM. HCV-,),, i ion .'Son ay 0 f 
p2-i equivalent, were incubated "iih B'i'i M'i , ibid I P I -I .S, BTiilM -DCS. 
ordoudrdic ceils. br)as described. Ceils » ere rcsaspended in 300 ,d of 
DMEM juppieii.. nob „.tb III', ECS and an, led to iiuh-7 , ef: . Co- 
eulture was carried out for 68 b at 37 °C. Plates were washed three 
times followed by the harvesting and PACScnn analysis or bnciferaso 
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it of HCV-pp and 2) RLU 
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RESULTS 

Characterization of Functional HCV-pp— To study the inter- 
actions between HCV and L-SIGN or DC-SIGN, we produced 
lentivirus-pseudotyped particles carrying unmodified HCV Ei 
and E2 glycopi oi-iu , ' Fig LA 1 i?*;-V8t The EI and E2 Anti- 
virus pseudofyp- : utiei- 11* " v 1 -J>- v\ ■ • biologically func- 
tional because they coahd lab ci ihc hepaPO' yu'c ceil iim iiideT 

i' id ; by th it.b ( ' B 

n p *■ i 1< j i i ji 

1 i . i particles Lacking surface 1 ci [ i 1 'i > ; p were used 

1 ) < }>i > j \ - v il i t 1 i \ -Ci i p i 

IRVpr [if iii il r^'nd ir r 

were collected il analyzed by V u bkdiaig. The El pro- 
tein, was distributed in fractions in which ma fhe-r Ep nor KIV 
ua otel l 1 „ il 1 1 te _i> 1 i i 

to bind .Pope i- jiT-.ei, Hi piot-ip InPotiour HCV-pp a- 
present only in fractions where Ei, E2, and HIV p24 core 
N was detected 

in Aenv-pp ir ^pupt i i ft fit d with EI and E2 

protein coding plasmids alone (data not. shown). 

The sube ' i i i T at i V i d nj i.e. where 

E1/E2 heterocomplexes interact with cores to form virus par- 
t mosylated or complex 
A'-glycans on the HCV virion have not been determined. In 

5 1 - It _,-> i s | 

K2 is partially resistant to Ltp.dc hi, indicating the JV-glycan 
modification by Golg si 8 Tr simulate a 



Golgi, we generated HCV-pp in the presence of sw; 
and DMJ, wh c nh bit G 1 - -ma j' >si last u 1 
prevent, complex ghu pi The j t ot + n 
mannosylated paria-ha i HCV-pp' A ~ ' in Huh-7 ceils i 
lar to that of HCV-pp produced in the absence 
and DMJ (data not shown). As expected, HCV-pp"-^ 1 E2 ;dy- 

p J i i | 1 ' i i i it 

ing that it is highly mannosylated 'Fig. 2C). Interestingly, El 
proteins on HCV-pp and HCV-pp. 1 '"' 1 had the same giyccsyia- 
t; .n pattern (Fig '-, B and Ci We concluded that the upper 
band oC-rwd Ur Ft .ode: Kndc ii tr- itmrni ivai i carbo- 
hydrate residue, which is not accessible to Endo H enzyme, and 

i j I it i<i t i i t 

that during HCV-pp maturation, all of the Ei A'-glycans and 
a minor fraction of E2 A'-glycans remain inaccessible to 

HCV-pp and HCV-pp DMJ represent two glycosylation profiles 
of functional HCV El and E2 proteins that may be present on 
wild type virions. Therefore, HCV-pp and HCV-pp DMJ are tools 
of choice to explore 1 biochemical correlations of a functional 
i a t ' ion ot' HCV with it' at' i > -pioa 

HCV-pp and HCV-pp DMJ Bind to L-SIGN and DC- 
SIGN—Vfn previously reported that soluble HCV E2 protein 
i t i \ i i i n i C i ink 

interactions at i tin i * i 1 } i ' E2, 

proteins on HCV-pp, L-SIGN and DC-SIGN were expressed on 
the surface of BTHP1 human cell line (BTHP1-LS and BTHPI- 
DCS, respectively) (Fig. 3A). Dendritic cells, which express 
DC-SIGN, were also differentiated from human PBMC. CD 14 
down-regulation and CD la up-regulation confirmed the differ- 
entiation into DC (Fig. 8A). Aenv-pp and Aenv-pp DMJ (produced 
in the presence of swainsonine and DMJ) did not bind to 

1 5TLiPH.SU interact,. 1 ^ I y 1 b Bl PI 

DCS or dendritic cells. Aenv-pp tor Aenv-pp DMJ ), which does 
not incornoiat 1 is, was used to define back- 

ground values. Both :j5 S-iabeied HCV-pp and HCV-pp !,MJ 
bound to BTHPI-LS and BTHP1-DCS but not to control cells 
(Fig. ifi) Ft t , , jC-MC,v , M ,t u j 0 R ,} 

HCV-pp andHCV-pp [)MJ (Fig. SB). However, at equimolar HIV 
p24, the core concentration of HCV-pp and HCV-pp DMJ , a 
higher binding i ined CV-j ii; finding sug- 

gests that the presence of high mannose Endo H-sensitive 
a 1 \ i f [ } ] i j lil 

We sought to define Hiridj e r tha- specificity of these interac- 
tions by testing known inhibitors of bigand binding to DC-SIGN 
[ x CO ti ii 10 n luh 

ited the binding of HCV-pp and HCV-pp DM J to DC-SIGN, and 
i H i i ii if H in! 1Gb nl ihbdh 

binding of HCV-pp md HCV-pp '• to L-SIGN (Figs. i.A, and 
i i i ii i t i i la le i t le 

cabd'ana chelator EGTAl Fig. -i.A andr) b ccnfirinnig the calcium- 
dependent binding he CRD with i I c □ 

i contrast • ion bp SIGN -sp< 

mAbl62 (R&D) (data not shown). Interactions of HCV-pp and 

I } < ! \ > C C X ] 1 p, if C i 

envelope proteins El and E2 ana ire- met < if 12 is highly 
mannosyiatsd The p rt suit sttggi * i pivot ii ■ ii of high 
mannose /V-glycans as binding motifs on HCV E2 protein 

Expression in CLs either of L-SIGN or DC-SIGN Does Not 
Enhance HCV-pp Infectiueness — L-SIGN and DC-SIGN are 
used by see-erai viruses, including D i i virus, to directly 
infect cells. No infection ofBTHPl-LS, BTHP1-DCS (Fig. 5), or 
dendritic cells (Fig. SC) by HCV-pp was observed, in agreement 
i b a tied with 

HiV-pp or HCV-pp :,Vl ", which displays increased binding to 




both lectins (data not shown; Other ceil lines, expressing L- 
SIGN or DC-SIGN (HeLa and human osteosarcoma-derived 
ceils) yielded similar results (data riot shown). In contrast, 
these cells could be infected with Dengue virus as recently 
i * 1 nudes carrying 



Dengue virus envelope proteins prM and E seem to act in a way 
vi n !, substanti- 
ating th> rood old infect 
these cells independently of the lectins. This led to the conclu- 
sion that a lack of permissiveness ofBTHPl-LS or BTHP1-DCS 
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ceils to HC\ pp i block at the k\ f^iius entry. 

Sepatocyfc md Hub-7 11 c loi xpres , SIGN and DC- 
SIGN. 

crease He V <. * <. i i 1 ! Hi 7 ce 

VSV-pp remains unmodified idala no! shown). Oar results 
suggest distinct ways of DC-/L-SIGN usage by HCV and Den- 
gue virus. 

HCV-pp Captured by L-SIGN or DC-SIGN Are Transmitted, 
to Hepatocytic Cells—We investigated whether HCV-pp cap- 
tured by BTHP1-LS or BTHP1-DCS cells could be transmitted 
to the hepatocytic ceil line Huh-7. Cells were incubated with 
( \ p , 1-0 31 1< 11 p - id 

i i Jiminated by i j ugs prior to 

COC Jit ]M Wit hi 7-,l- t [ " - - j J - r ct t \ 

captured by BTidPl-LS or 8THP1-DCS ceils was confirmed, 
with both reporter systems (Fig. 6). HCV-pp weakly interact 
with BTHP1 ceils, because residual transmission could be ob- 
served in comparison with Aenv-pp. However, the HCV-pp 
transmission was on average 5-fold higher for BTHP1-LS or 



BTHP1-DCS compared with background transmission with 
BTHP1 (Pig. 6, A an&B). Moreover, primary DC can efficiently 
transmit HCV-pp to Huh-7 cells (Pig. SD). The transmission 
was specific, because it • • i inhibited by monoclonal antibodies 
MAbl621 and 1B10. EOT A also inhibited transmission of 
HCV-pp by BT'HPl cells expressing these lectins. HCV-pp 
transmission by DC-SIGN could also b< completely inhibited by 

i j i t j i i h i j 

rate obtained i i i i i s, HCV-pp 13 *" 

carrying highly mannosylated proteins were transmitted with 
efficiency simitar to that of {{( \ carrying mixed ' 




optimal capture and t 
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Pk;. .-!. HCV-pp and HCV-pp"™ bind to C-tvpe lectins L-SIGN and DC-SIGN. 
i?T!i!>!-IK'8 <•<•!! iiiH-x, ™:xx-tiv<.iv. «:.>. d.-u-ch-d i...v KA< "&•„(,. /.J. - S-iai-K.,1 II«W-|.p 
bonnd |-:»ii'.-«;«<-)ivi't,v f<>" purtiHi-. v. i(i...i:i v. : r-l <'iivp|«{k-, Aem-pp ami ,i-iiv.j.|s* n '- ! , 
ik"\ pp i,,; I':..' ■!.:.' .i' i. ,,!■-, .,!!,,> , „(• five p, im» m ■ ■ p, >-,!■■• Value* are 




i of l.-SION I IK'-SliHx in BTiiPPLS and 

MJ bound to P'r: I Pi -!>;,„■ PTI1P1-DCS ceils, 
it.t rnricd iri.i.i vain. ')!..:;;: i I v.iiit iK'V-p|> and 

is Ibe mean of duplicates 1 S.E. 



! ! i < I I \ ! 1 }]! l\ I 1 ~ [L.V pp, T 

ion aiedm the experimental conditions u&ed in this observed. 



enhancement of viral infectivity v. 



DC-SIGN ex •> i j i swi It 

IV infection of T ceils at iow xvmJtiplieities of infection (jn.o.i.) 
.7, 34). Indeed, when we used low m.o.i. of HIV-pp, DC-SIGN 
■ BTHP1 or dendritic ceils, and to a lesser extent L-SIGN on 
THP1 cells, we were able to enhance HIV infection of acfci- 
ited T cells (Figs. 7 and BE). To test whether DC-SIGN and 
■SIGN could also enhance HCV-pp infectivity, DC-SIGN and 
Us or dendritic ceils were preincubated with 
V-pp and then cocultured with Huh-7 cells 
Jnder these e p d r ons and in 



.-SIGN E 



DISCUSSION 

The expression of L-SIGN oi liver s n is id i -mpn be Lai 
ceils and its capacity to bind high man nose .'V-g!ycans on viral 
glycoproteins make this lectin a candidate receptor responsi- 
ble for liver tropism of HCV aiid other enveloped Pepatotropic 
viruses. We established previously that a soluble form of the 
highly mannosylated HCV E2 envelope glycoprotein binds to 
L-SIGN and the related C-tvpe lectin DC-SIGN with high 
affinity (23). In this report, we provide insight into the func- 
tional relevance of this interaction with respect to the 
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DC-SIGN 



Fig. 4. Specificity of HCV-pp and 
HCV-pp""-' binding to L-SIGN and 
DC-SIGN. iiiisi'S.ifors for C-type lectin 
Wiidii w sisc-d i:i > bijidist;: «*ti« v. jih 

-) 1 i li i | i i ' 
MK-<-.linly ol' bitKiiii* U, DC-SKiN. 




.(!,.,< , , ii 

lined v> ith !K \ op md 
lues are given as the 
ates ± S.E. The data 
ve of two indc:|>i:iHic:iit 



E-SIGN 




i. L-SIGN and DC-SIGN c 



•ells. 



ssion to target mechanisms of 
the molecular (HIV) particles 



«id entry cannot be 

functional ientivirus 
cp - w ■, ' > f < , 
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A* V:v pp RCV-isp j 



5 > > HCV- a-;; 



S-LS o 



of HCV-pp infection in 

ated 'I 



S.-.D08 





cells 



ha. a. BTHPl-LS ««a BTHPi-DCS transmit captured HCV-pp 
Hub-7 large} ■ < ! i I i i , ( \ , i, i ' I 

virus i:i the (•••• ■- 1 i 1 1 ! ;> • ».>•• measured a iter 72 ii oiVocnhiirr using 
>UU<t,:u ■■( .1 r. , .„ ; IK v , „ ;.,„, .... i.v 1 



H.iv 



rminod as fbl- 
inff ■ tion The 
183 it 2058. B, 



gene. Ik j km, _ .,( i. i , *■ i [ \ j 

,.„|t;i.. I' ' ' l>i : f... M>.i i 
ui!-;)!, Ki : ill., ta dl. -II. :i. V.!»d ! i i : • . - T 
!<*,!> -i - 

II < H k i ii ii, ijj] 

mam. .in (2i jt i | i I i v i i S - i ( " j - ( 

mean of dnpiifal S b T i ■,. n i ii i i 

pen 1 it j r r i i :»!•! » err obi.iiii'-ci with flf'-V-pp encoding a GPP 
reporter gene. The percentage of transiimicxi IK V pi>\\< ( *■ i 
as follow s: (GPP 1 > .. ii- m < liar. tuni.GFPt > S cdi.- lor dir.- t 

SK.\ Tl„ , ,r... a- ', i .rma... ...... :]! > ,,„•' . :„a. 

cles lacking viral envelope glycoprotein (Aenv-np). The percentage of 
transmitted HCV-pp and IK V p D DM 1 v. as d< i 

incctultuie > - . The mean RLU 



liiV-p 



and 



i ]' f ! ! i ! - 1 1 1 I - I Ii fffhon was 

detected by measuring laciierasc aciiviiv in linii-7 coils or activated 
PB.M( 11 Ii (Kjf-t-ttxMillurc. Vail ics arc given in n-laf Ive light unit- ;is 
the mean of triplicates ± S.E. The data are representative of two 

gpl20/gp41 were replaced by HCV El and E2 proteins (HCV- 
pp) (26). We - 1 J I i t J is It I 
can onlv be d t ii j I t i a t am the p24 
HIV core arid HCV Si and E2 envelope proteins. These data 
are supported by previous studies that established that 
pseud otyped retroviral particles require both proteins for 
infection an 1 th i u •■ it t < EJ u tb 
E2 protein do not enter target ceils (26-28). Our data are in 
favor of a root pro; m that El and E2 proteins are 
functional when associated as nou-covalent heterodimers. 
Siich hetercdini • ), ,- , been i inplicated in the native folding 
and maturation of the HCV envelope (35, 36). Biochemical 
analysis of infectious HCV-pp revealed an apparent dichot- 
omy in glycosylation between El and E2. Although El N- 
glycans are not modified to complex Endo H-resistant N~ 
glycans, E2 is aiinost completely Endo H-resistant, leaving 
only a minor fraction of A'-glycaas in a highly mannosylated 
state. Tb. .- 1 da i | it; iJ.fi t< roi of 
plexes are incorporated into HCV-pp is not known. This 
might occur in the endoplasmic reticulum or another com- 
partment of the secretory pathway or at the plasma mem- 
brane, in the latter case, pseudotype particles incorporated 
E1/E2 heterodimers that have escaped endoplasmic reticu- 
lum retentio p i through t j j hway 
in either setting, our r id; imply ' I j U some jV-giycans in 
t b 1 i n [ dvm 
. t \ pp that 

i i j i i ill ! 1 | < ii 1 

mannose iV-glycans. 

By analogy with othei member rid a has been 

proposed that HCV buds into the endoplasmic reticulum. Ii is 
not known whether HCV subsequently passes through the 
secretory pathway and whether surface glycoproteins un- 
dergo modification oj V-ciyo me iron, high n.anm ylated to 

i u. i t V'. lit , i ii . i} / 

glycosylation. status of virus, we produced HCV-pp in the 
presence of a-mannosidase inhibitors (HCV-pp ljMd ). HCV- 
ppDMj carr y Endo H-sensitive E2 and show similar infectivity 
in Huh-7 ceils compared with HCV-pp, suggesting that com- 
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- iM V s-p do not infec 
-v (5cniirit.it.- ceHs bts) 
i>-J (.c:<n:vt«)H<".i f 



ihc (!ifl'c:'ciiiiitii«ii of (ientirit ic 
>', ■"■S-i,..U.ic<i IK'V.p,, ||.:-V- 
hound :c iH' liCV-pp and IK'V- 



B. 



., !K\ V.tS 



riplin 



! DC 



...pi.u-ed K'T !M 

' " , i I 

prior to HCV-pp binding IX'. were 
wasl..-.| ; ,ud ll.-n <-<K-!ill.tirttl with Huh-7 
o ils. Values iir;- given as the mean of 
dnplicaies ft.lv The pereeniai'.e t>( 
IrnnsiiuUed MCV-pp was determined «s 
l«!l.m-«:<l?I.U in rocnMn.r X i'tOVKLi I lor 
direct i liilt-7 ( ells infer: ion. The m«t in 
ft I J.J vain.- for (iif.-rt.ly .nfect.-.l Huh-7 
cells was 43416 ± 974. E, primary acti- 
vated T lyniphoe.yios and lliili-7 ceils 
■2.5 x IP') were ndected by IliV-pp ami 
ii< \ p|,l in i. 1 ' . . i •. ■, -p. . 



II 



IX 



re. eptoHs 1 on Huh-7 cells 

< ' l! 1 I 1 ] 1 " v. \ < 1 - 

L-SIGN and DC-SIGN expressed at the plasma membrane. 



e Efec 



i L- 



Xj, j >e -> id I i i i i 

virus 1 37) and &u rh i i i i t <\ t 

L-SIGN and DC-SIGN are different. 
In contrast to other enveloped 



only a small percentage of them had negative strand viral RNA 

1 l( ' ^ < i > l l il'UV bwiii 

Kupffer eel! cultures (4-1) that express L-SIGN or DC-SIGN, 
respectively (9-11), are resistant to HCV infection. This 
stands in sharp contrast io the permissiveness to HCV dem- 
onstrated for the neighboring hepatocytes where negative 
strand RNA is r 
L-SIGN mediate 
be the case, one 



GN 



ne attachmer 
r L-SIGN did 



Kilty detected I). \\ ier DC-SIGN oj 
i HCV endocytosis is unknown. Should this 
could speculate that the lectin routes the 
iilular compartment where HCV-mduced 
. cannot occur and does not lead to produc- 
ed on our curt find j rted 
Hon of DC-SIGN or L-SIGN expressing cells 
ide that these lectins do not mediate infec- 



scted patients but that 
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by DC- enhanced T cell infection at a lew m.o.i. of the vims, 
whereas no infection was observed in its absence (17, 34, 43). 
Our results extend these findings for HIV to L-SIGN but more 
studies are required to characterize the observed efficiency 
diffi ::< net b< tvsreen the two le< tins. Howevi r, no en.h mcement 
was detected v i i i l{ r v \ » cot- i -e 

S iiic celhila tei < 11 is rriecha 

nisni, and their absence from Hub-7 ceils may abrogate 
e: ha; aerro : o 

1 1 < 1 1 1 t j ei j 

ds-infection of DC-/L-SIGN expressing cells and to DC-/L- 
S i( j 1 1 ] j 1 f 

HCV-pp can be captured by L-SIGN and DC-SIGN and trans- 
mitted to target cells as has been described for CMV ( 16), HIV 
(17), Ebola virus (15), and severe acute respiratory syndrome 
coronavirus (44) Indeed, oar ia ah bow that coculture of the 
L } t 1 I 1 1 j j 1, 1 i 

N _ l l ! ] i of < 

ih 7 ! \ i 1 I 1 i 1 

1 j < i t it j r 1 iti 1 1 i 

iocyies 'vis r-rceiitly proposed iff. Breiner -:t al. !7) show that 
the Duck Hepatitis B ' 1 surface protein ipreS) and virions 
preferentially had accumulated in LSEC in vitro and in vivo in 
jii'I ltd duck \ > t it hick Hepati > 

13 1 v ] t It) 

internalized bj nd< iii 1 id to th< crea'nn of 

a viral, reservoir. In the < . vh:u\ nj...t t r, l- 11 1 .Si .< . 
the virus might use entry recepior(s), e.g. CDS I, scavenger 
receptor class B, type I, low density lipoprotein receptor 
(1-3), heparan sulfate 1 I 1.01 j 
(46) for entry and productive infection of neighboring hepa- 
tocytes. Our results are in favor of a model proposing LSEC 
and LSIGN, respectively, as cellular and molecular effectors 
of hepatotropism of enveloped viruses. Moreover, HCV could 
use DC-SIGN on DC as a transporter to assure its dissemi- 
nation, similar to a mechanism proposed for HIV. Recent 
studies by 1 1 J ~ 1 1 t 1* 1 1 

migrate to th h " 1 1 n 1 

viously been detected (9, 10). It remains to be clarified 
whether HCV is internalized into L-SIGN- or DC-SIGN- 
expressing cells, e.g. LSEC or Kopffer cells, and whether 
mi v. 1 i ] 1 1 b for efn< eir*" trans- 

mission to hepatocytes. Both L-SIGN and DC-SIGN encom- 
pa 3 - end <r\ • it } 1 } N 1111 t 

their role on HCV-pp ' is to be analyzed. 

Internalized HCV in DC-SIGN- or L-SIGN-positive cells 
couIdfunctii.il it ,.<,!,i] 1-'.-.- u 101 iiv: to 1 of neighboring 
hepatocytes. 

W. propose that in thi anatomical sitt '"hen HC\ repli- 
cates, C-type lectins expressed on liver si nusoidal cells may act 
as the capture receptor for HCV and ' ransmit infectious virions 
t 111 t "1 i 1 1 ot cxtt nded to 

LSECtiiy another r t t 1 1 r fc to L-SIGN and 

pecifically ej d 1 LSE* .3 1 DC -/L-SIGN might not be 

the sol 1 [lid 1 1 ! < t t 

other hepatotropic viruses. 

\ 1 1 ! ! - i| 

helpful discussion ...id ...po-ni F (iiiiiivoi 1 >-.,.. (ii.,, oX.L 

1 < 3 t i > «3 \ t i > 1 i pi ,nuds, D L.ttmau tor 

kindly providing RTHP1 and BTHP1 -DCS cells, V. Plane! for providing 
piasmids encoding die HIV JR-cerebrospin i\ fluid genome R Doras foi 
I ovidlj' [( [JNV J f < >< ~1 ..odd !>.,biii-,>o I,.r pi,, 

ing monoclonal antibod 44, All , ' V ,ank 
the cell sorting facility of Institut Pasteur and S. Micbc-ison for proof- 
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C-Type Lectins DC-SIGN and L-SIGN Mediate Cellular Entry by 
Ebola Virus in cis and in trans 

Carmen P. Alvarez/ Fatirna Lasala, 1 Jaime Carrillo/f Oscar Muniz, : 
and Rafael Delgado 1 * 

Laboratotv oj \< : " f >< ,< > ,< ' ( , ntro dc ln\ est 
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Ebola virus is a highly lethal p:tth»»cfi res|>orisihle for sevens! outbreaks of hemorrhagic fever. Here we show 
that the primate Ientiviral binding C-type lectins DC-SIGN and L-SIGN act as cefaclors for cellular entry by 
Ebola virus. Furthermore, DC-SIGN on the surface of dendritic ceils is able to function as a trans receptor, 
binding Ebola virus-psciKkn.vpcd U-nlfvlmi partick* nod tr.ms.mitl in" intWHwn to MixcepUbie ceils. Oar data 
underscore a role for DC-SIGN and L-SIGN in the infective process and pathogenicity of Ebola virus infection. 
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h i i< i I i -h h i i c: exceed ! I in lib vhieh has 
raised great public concert!. Ebola virus research has been 
hampered by the strict biosafcty containment procedures re- 
quired for handling the infectious agent However, the struc- 
tural similarity ol Ebola vims glycoprotein (CP) to retroviral 
envelopes (6) i s recenl e i e l of pseudo- 

typed recombinant retroviral panicles that have been used to 
explore important aspects of the Ebola vims biology (16, 18). 
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Marburg filoviruses in certain cell types has been recently iden- 
tified as the folate receptor a (FRa) (3). f his molecule is a 
glycophosphaiidvliiiosiioi-iinked protein highly conserved in 
mammalian species and expressed in epithelial and parenchy- 
ma! cells of a number of organs, but not abundantly in liver or 
endothelial cells (15). 

D<'-MCN (dendiitic ceil |D< Apecila K'AM ; , grabbing 
non-inicg CO >) is ypc 1! m i ^ 1 cin w 
C-type lectin extracellular domain, the expression of which is 
restricted !o immature DC DC-SIGN appears to play a key 
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ICAM 3 (9) and ' \M i <\ i sily cloned a 

human immunodeficiency vires illlV) gp i gO-butding protein 
(5), does not act as a receptor for cellular entry of HIV; 
instead, ii confers lo DC the ability to facilitate infection in 
Irons of suseep.libte cells (S). Recently, DC '-SIGN and the 
newly described DC-SIGN homoiogue L-SIGN have been 
shown !c hind law _ ur . - pomaic^: tt|\ i > ll U> 
and X4 strains), HIV"-?., and simian Inumjuodeficiciicy virus 
(SfV) ( 13). Unlike DC-SIGN, L-SIGN is not expressed by DC, 
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button pattern prontpted us to study their potential role as 
binding and entry cefaclors for Ebola virus. 

To investigate the participation of DC-SIGN in Ebola vims 
infection, we have utilized ieniivirai particles pseudotyped 
with Ebola virus GP according to a transient Iransfection pro- 
tocol previously described (17). The Ientiviral vector pNL4- 
3.Luc.R~E~ 10 was used for production of vesicular stomatitis 
vims G (VSV-G) and Ebola virus Zaire and Reston GP 
pseudotypes. Expression piasnnds for the GP of the Zaire and 
Reston strains of Ebola virus were kindly provided by A. 
Sanchez, Centers for Disease Control and Prevention "(18). 
Supernatants were obtained 48 I; alter Iransfection, tittered 
(0.45-u.m pore size), and stored frozen at -80°C. Infectious 
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following reagents w-rc obtained through the NTH AIDS Re- 
search and Reference Reagent Program Division "I MDS 
National Institute for Aiiergy and hifcclious Diseases: DC- 
SIGN and L-SIGN monoclonal antibody DC28 (0.8 mg/nil as 
ascitic iluidj front i . Burihaud, S Puhimann, .1. A. iioxie, and 
R. W. Doms (1); pcDNA3-L-SIGN6 from Mary Carrington; 
and pNL4-3.1..uc..R-ir from Nathaniel Landau (10). 

To investigate the role of DC-SKiN in Ebola virus binding 
and cellular entry, we first used a stable iransfectant of DC- 
SIGN m the t 1 t c 1 u KA2 ceil m (14). K5b2 cells 
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relative light units <1 i R a > the j x 1al K562 cells 
with an Ebola virus GP-pseudotyped ientiviral construction 
was detectable, although relatively Iowa In contrast, infectivity 
of the DC-SIGN transfectant celt line was 1 order of magni- 
tude higher, and it was significantly reduced in the presence of 
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Louis, Mo,j or lecLin-speaiic antibodies. jurkat eeiis express- 
ing D SIGN i SIGN were clearly infected by Ebol virus 
Zaire and Restou GP-pscudotypcd IcatiGrai vectors, indicat- 
ing that expression of eit Iter of these two lectins tn Jurkat ceils 
is sufficient to confer pertnissivity (big. 2Aj. I he DG-SK IN and 
t .-SIGN dependency of the .furkal eeli infection was con Orated 



FIG. i. DC-SIGN-mediatcd infection of K562-DC-SIGN celts. 
562 and K562-DC-SIGN cells were infected with VSV-G-, Ebola 
(lis /.aire ( I iha-/.)-. or Ebola vims Hester. (1-no-KI GV-pscndowped 
ntivirus in the ibsenu. i I) .» pre* <. )f lh< DC SIGN < 
fit monoclonal n in ik \ R ii i i i i In K'i. 
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night interact with DC-SIGN and 
K562-DC-SIGN-transfected cells 
as tissue culture supernatant (10 
:tivity with HeLa and K562 ceils, as 
well as a panel ol myeloid and lymphoid cell lines (14). 

To further characterize the role of DC-SIGN and its close 
homologue L-SK JN ia I ibola virus ceil entry, we expressed, by 
using retroviral vectc 
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were transduced with aj v .! 1 ■< G< R or 1 

SIGN-expressing retroviral ' ectors by spinoculation for 2 h at 
.1 ,500 X g at an MOI of 1.0. After 48 h, cells were analyzed by 
fluorescence-activated cell sorting for green fluorescent pro- 
tein I if ct expres i (range siiive cells, 10 to 
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by tht eiear reclama m ->l mlVelivity in the presence of raaiman 
and anti-DC-SIGN and anti-L-SIGN antibodies, whereas a 
VSV-G-pseudotyped control was unaffected (Fig. 2BV Our 
< s s . ! i i K 1 I! i >' s . i - ' M 

dol'nmh ::, ii;: r. p. > ' aid sm,, iiiam o:m i.n— ,n to be 
susceptible to Ebola \ if lis do not express these lectins, our 
results Ike ft ise ic erttly rep U , a IliV md SIV (11), 
support the hypothesis that DC'-SKiN and l.-SiGN bind and 
v i mil ib i 1 vims to shy cat; membrane, thus In. 
the interaction in as with cofhetors required lor cell entry, the 
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! anally, the rote ol IX i-SK iN- a mot a v, , as ( ii' interaction on 
DC was explored by using monocyte-derived DC (MDDC). 
MDDC were obtained from blood monocytes according to a 
standardized protocol (14). Cells were cultured for 5 to 7 days 
in the presence of granulocjfc-macrophag,. mvstim In 
factor and inlcrteuiamd lo obtain a population of immature 
MDDC. DC were infected with the lentiviruses pseudotyped 
with VSV-G and Ebola virus GP (MO) of 10 and 0.1, respec- 
tively). Forty-eight to 72 h postinfection, cells were assayed for 
luciierase expression as described before. Infection of MDDC, 
although at a low level, was demonstrated by using a V5V-G- 
pseudotyped control. However, under the conditions used in 
our experiments and in spite of the high DC-SIGN expression 
of MDDC, we were unable to readily detect luciferase expres- 
sion upon infection with Ebola virus GP-pseudotyped lentiviral 
vectors (data not shown). In this respect, and taking into ac- 
count: the evidence of Ebola virus infection of DC in vitro and 
in vivo (4), it is possible thai limitations of the lentiviras 
psoudolypiug approach, such as low liters or the requirement 
of additional viral products for entry into DC, might account 
for this negative result. We next tested whether DC-SIGN oh 
tile surface of DC could bind I Tola \ a as ( d' -pseudotyped viral 
particles and facilitate subsequent infection of susceptible cells 
(Fig. 3). DC were preincubated (150,000 cells in 100 pi) for 20 
min at room temperature in the presence or absence of the 
DC-SIGN-specific antibody MR-f. Supernatants (300 pi) con- 
taining Ebola virus GP- or VSV-G»pseudotyped lentiviral par- 
tides were: then added, and cell;-, were maintained m rota iloii at 
room temperature for 2 h. Ceils were washed four times m 
p!u q.h .!■ vtlfeuife ,1 i [VI,- ' , i s i e i t ) •> 1 

pi of fresh medium, and added to Heha ceils plated in 24-well 
plates. The same ariioriiit of siiperaabini maintained at room 
temperature without DC was used as control of infeetivity. 
After 48 h of cocultivation, wells were washed twice with PBS, 
and He) a s ma uia.ib ,s,ribed 
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extensive washing. ') his citeet was significantly reduced by pre- 
incubating MDDC with a DC-SIGN-specific antibody, indicat- 
ing that MDDC are capable, through DC-SIGN interactions, 
of binding Ebola virus GP-pseudotyped viruses, maintaining 
mfeeiivity, and achie\ me •:. Iticic til in lection in ;;•««<* of suscep- 
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SIGN on the surface of DC appears to act as a trans receptor 
capable of binding Ebola virus GP-pseudoiypcd viruses and 
efficiently transmitting the miction to susceptible celts. DC- 
SIGN and L-SIGN appear to be universal binding factors for 
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Summary 

Cytomegalovirus (CMV) infection is characterized by 
host immunosuppression and multiorganic involve- 
ment. CMV-infected dendritic cells (DC) were recently 
shown to display reduced immune functions, but their 
role in virus dissemination is not clear. In this report, 
we demonstrated that CMV could be captured by DC 
through binding on DC-SIGN and subsequently trans- 
mitted to permissive cells. Moreover, blocking DC- 
SIGN by specific antibodies inhibited DC infection by 
primary CMV isolates and expression of DC-SIGN or 
its homolog DC-SIGNR rendered susceptible cells per- 
missive to CMV infection. We demonstrated that CMV 
envelope glycoprotein B is a viral ligand for DC-SIGN 
and DC-SIGNR. These results provide new insights 
into the molecular interactions contributing to cell in- 
fection by CMV and extend DC-SIGN implication in 
virus propagation. 

Introduction 

Human Cytomegalovirus (CMV) is a double-strand DNA 
virus belonging to the herpesviridae family and is a ubiq- 
uitous pathogen in humans. CMV interaction with its 
host is characterized by a primary infection followed 
by lifelong persistence in the host organism and viral 
reactivation episodes. CMV infection is asymptomatic 

6 Correspondence: julie.dechanet@umr5540.u-bordeaux2.fr 



in most immunocompetent individuals because of an 
efficient antiviral immune response. In contrast, CMV 
remains a major cause of morbidity and mortality in 
newborn and immunocompromised patients, namely in 
organ-transplanted recipients or AIDS patients. In any 
cases, CMV disease is characterized by a wide viral 
spread toward multiple organs (i.e., salivary glands, 
lung, kidney, gastrointestinal tract, liver, retina, CNS). 

In vitro, a number of cell types are susceptible to 
CMV infection when considering virus entry and viral 
immediate early gene expression. However, full replica- 
tion of virus DNA and subsequent progeny of infectious 
virions is limited to permissive cells (i.e., fibroblasts, 
endothelial cells, the U373 MG astrocytoma cell line, 
etc.; for review see Plachter et al., 1996). In fibroblasts 
(the prototypic cell type for in vitro studies of CMV infec- 
tion), CMV entry occurs in sequential steps involving 
several viral envelope (Env) glycoproteins. Initial attach- 
ment of virus to host cells is mediated through interac- 
tion between Env glycoproteins gB (CMV gB) and/or 
CMV gM with cell surface heparan sulfate proteoglycans 
(Compton et al., 1 993; Kari and Gehrz, 1 992). Thereafter, 
binding of CMV gB with non-heparin cellular receptors 
probably allows more stable attachment of virus to cell 
surface (Boyle and Compton, 1998). Subsequent pH- 
independent fusion events between viral envelope and 
cell membrane are necessary for viral entry (Compton 
et al., 1992; Milne et al., 1998). Cell proteins involved in 
CMV attachment and/or fusion have not been identified 
precisely, although two candidates have been pro- 
posed. The first one is annexin II, which interacts with 
CMV gB (Pietropaolo and Compton, 1997). The second 
one is a 92.5 kDa protein binding to CMV gH (Baldwin 
et al., 2000). Fusion events are followed by penetration 
of the capsid which is transported to the nucleus. In 
some permissive cells, such as retinal pigment epithelial 
cells, CMV can also penetrate into cells by a mechanism 
of endocytosis (Bodaghi et al., 1999). 

Recently, DC, which are refractory to infection by lab- 
oratory-adapted CMV strains, were shown to be permis- 
sive to CMV infection and replication when infected with 
primary, clinical viral isolates (Riegler et al., 2000). The 
mechanism of CMV entry into DC has not been investi- 
gated yet. It was recently shown that DC express a lectin 
called DC-SIGN (DC-Specific ICAM-Grabbing Noninteg- 
rin). DC-SIGN, also called CD209, is a ligand for Intracel- 
lular Adhesion Molecule-2 (ICAM-2) and ICAM-3 (Geij- 
tenbeek et al., 2000a, 2000c) and is involved in the 
attachment of Human Immunodeficiency Virus-1 (HIV-1) 
(Geijtenbeek et al., 2000b) and Ebola (Alvarez et al., 
2002) to DC. DC-SIGN was originally cloned from a pla- 
cental cDNA library on the basis of its capacity to bind 
to the surface subunit HIV-1 Env glycoprotein 1 20 (HIV-1 
gp120) (Curtis etal., 1992). DC-SIGN mediates HIV bind- 
ing and internalization into DC, conferring to these cells 
the ability to transmit HIV to permissive CD4 + T cells 
independently from HIV-1 replication (Geijtenbeek etal., 
2000b). These findings suggest that DC-SIGN efficiently 
captures HIV-1 at mucosal sites of inoculation and facili- 
tates its transport to sites of infection by using the migra- 
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(A) Detection of DC-SIGN. Anti-DC-SIGN 
1 B10 mAb (bold line). Irrelevant isotypic con- 
trol mAb (dotted line). Mean fluorescence in- 
tensity (MFI) values are indicated. 

(B) Binding of CMV AD169 strain to cells ex- 
pressing or not DC-SIGN was revealed by an 
anti-envelope glycoprotein B (CMVgB) mAb. 
Incubation in low pH buffer (200 PFU/cell) prior 
to staining abrogates detection of CMV gB. 



tory ability of DC toward lymphoid organs (Banchereau 
and Steinman, 1998). A homolog of DC-SIGN, DC- 
SIGNR, was recently identified on the surface of endo- 
thelial cells and shown to display the same HIV-1 binding 
and trans-infection enhancement capacities shown by 
DC-SIGN (Bashirova et al., 2001; Pohlmann et al., 
2001 b). The putative role of DC-SIGN or DC-SIGNR in 
herpesvirus attachment to DC or endothelial cells has 
never been reported. 

In the present study, we analyzed the mechanisms of 
CMV attachment to DC and the role of DC-SIGN in this 
process. We demonstrated that CMV is able to bind DC- 
and DC-SIGN-expressing THP-1 cells through direct in- 
teraction of DC-SIGN with viral envelope CMV gB. This 
binding leads to two independent results: (1) the trans- 
mission of DC-SIGN-bound infectious viral particles to 
different permissive cells and (2) an enhanced infection 
and CMV replication in DC- and DC-SIGN-expressing 
THP-1 cells. 



Results 

Expression of DC-SIGN at the Cell Membrane Enables 
Binding of CMV 

We investigated first the capacity of CMV to bind DC- 
SIGN. Parental and DC-SIGN+ THP-1 cells, or immature 
monocyte-derived DC (MD-DC) were incubated on ice 
with increasing concentrations of CMV, and the pres- 
ence of cell-bound virions was quantified by flow cytom- 
etry using a mAb directed against the CMV gB. While 
parental THP-1 cells failed to bind detectable amounts 
of CMV, both DC-SIGN-expressing THP-1 and MD-DC 
absorbed CMV virions in a dose-dependent manner (Fig- 
ures 1A and 1 B). Prevention of CMV gB antibody-label- 
ing by acidic washes proved the existence of cell-bound 
virions (Figure 1 B). Abrogation of virion attachment ob- 
served following preincubation of cells with mannan, a 
complex sugar that binds to the Carbohydrate Recogni- 
tion Domain (CRD) of lectins, suggests that the CMV- 
DC-SIGN interaction is accounted by the glycosylated 
residues of CMV envelope glycoproteins. 



Transmission of CMV Infection to Permissive Cells 
Is Mediated by DC-SIGN 

MD-DC, THP-1 , or HeLa expressing DC-SIGN were incu- 
bated with a mutant CMV strain encoding a GFP 
(ADGFP) (Borst et al., 2001), washed, and cultured with 
permissive MRC5 cells. HeLa cells were selected for 
their refractoriness to CMV infection (Einhorn et al., 
1982) which persists despite transduction with DC-SIGN 
(our unpublished data). MD-DC (Figure 2A), DC-SIGN+ 
THP-1 (Figure 2B), and DC-SIGN + HeLa cells (Figure 
2C), in contrast to parental THP-1 or HeLa cells, con- 
veyed CMV infection as proved by the expression of 
GFP in MRC-5 cells. Trans-infection of MRC-5 cells was 
prevented by preincubating MD-DC, DC-SIGN+ THP-1, 
or DC-SIGN+ HeLa cells either with EGTA or mannan 
before being pulsed with CMV. Moreover, the anti-DC- 
SIGN mAb 1B10, which blocks HIV transmission (data 
not shown), also inhibited efficiently the transmission of 
CMV from DC-SIGN+ cells to MRC-5 cells. We conclude 
that transmission of CMV to susceptible cells is ac- 
counted for by DC-SIGN and does not require produc- 
tive infection by DC-SIGN-expressing cells. 

The capacity of DC-SIGN to enhance infectiveness of 
CMV was assessed. To these purposes, MRC-5 cells 
were either incubated with low titers of cell-free CMV or 
cocultured with MD-DC (Figure 3A) or DC-SIGN+ THP-1 
(Figure 3B) previously pulsed with an identical amount of 
CMV. Coculture of MRC-5 with CMV-pulsed DC-SIGN+ 
cells leads to a substantial enhancement of MRC-5 in- 
fections as compared to MRC-5 exposed to cell-free 
virus. The enhancement of CMV infectivity conferred by 
DC-SIGN+ cells pulsed with CMV was abrogated by 
specific anti-DC-SIGN mAb 1 B10 (Figures 3A and 3B). 
To determine if DC-SIGN-bound CMV retains infectivity 
over a more prolonged period of time than free virus, 
DC-SIGN+ THP-1 were pulsed with CMV, washed, and 
cultured at 37°C for different periods before coculture 
with MRC-5 cells. In parallel, cell-free virus was incu- 
bated for the same period of time at 37°C before being 
added to MRC-5 cells. Our findings show that CMV re- 
mains infectious for 4-5 days when bound to DC-SIGN 
whereas cell-free virus retains its infectivity only for 2 
days (Figure 3C). 
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(A) MD-DC, (B) DC-SIGN+ versus parental 
THP-1 cells, or (C) parental versus DC-SIGN+ 
HeLa cells were pretreated with EGTA (5 mM), 
mannan (20, 1, 0.05 ng/ml), anti-DC-SIGN 
1B10 mAb (20, 1, 0.05 ng/ml), or an isotypic 
control (20, 1 , 0.05 |j,g/ml) prior to incubation 
with ADGFP strain (1 PFU/cell). After removal 
of unbound virus and competitors, ADGFP- 
challenged cells were cocultured for 3 days 
with MRC-5 cells. Infection of MRC-5 was 
assessed by counting the number of GFP- 
expressing cells by flow cytometry. 
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In parallel, the detection by immunostaining of early 
markers of CMV replication (intranuclear immediate 
early and early antigens, IEA and EA, respectively) has 
been done (Figure 4A). The findings obtained by this 
alternative assay confirmed the role of DC-SIGN in the 
transmission of CMV to permissive cells and validated 
the trans-infection assay. Transmission of CMV from 
DC-SIGN + cells is not restricted to a particular permis- 
sive cell type since DC-SIGN+ THP-1 cells also transmit- 
ted infectious virions to the U373 MG astrocytoma cell 
line (Figure 4B). 

We next aimed at determining if other members of 
the herpesviridae family have the same capacity as CMV 
to interact with DC-SIGN. To this purpose, DC-SIGN + 
THP-1 cells were exposed to clinical isolate of CMV, 



HSV-1, or VZV and thereafter cocultured with MRC-5 
cells which are fully susceptible to the three viruses 
(Figure 4D). Expression of CMV- but not HSV-1 - or VZV- 
EA or -IEA in MRC-5 cells is compatible with a high 
degree of specificity for the interaction of DC-SIGN with 
CMV envelope glycoproteins (Figure 4C). 

DC-SIGN Cytoplasmic Tail Is Critical for Enhanced 
Transmission of CMV 

The role proposed for DC-SIGN internalization for trans- 
enhancement of HIV infection was assessed for CMV 
transmission from DC-SIGN + cells to susceptible cells. 
To this purpose, THP-1 cells expressing mutant forms of 
DC-SIGN (Kwon et al., 2002) encoding either combined 
deletion of dileucine- and tyrosine-based motifs (DC- 
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Figure 3. DC-SIGN Enhances CMV frans-lnfection of MRC-5 Cells 
and Retains Long-Term Infectious Virus 

(A) MD-DC, (B) parental, or DC-SIGN+ THP-1 cells were incubated 
with ADGFP in the absence or in the presence either of anti-DC- 
SIGN 1 B1 0 mAb or an isotypic, control mAb. Thereafter, cells were 
cocultured with reporter MRC-5 cells. 

(C) DC-SIGN+ and parental THP-1 cells were incubated (4 hr) with 
ADGFP (moi = 1) and washed thereafter. At days 0, 2, 4, 6, and 8 
after pulse, ADGFP-challenged cells were cocultured with reporter 
MRC-5 cells for 3 days. In (A), (B), and (C), MRC-5 cells were incu- 
bated with the corresponding amount of cell-free virus to monitor 
kinetic and extent of infection. Values represent the percentage of 
MRC-5 cells expressing GFP. 



SIGN A35), or the dileucine-based motif only (DC-SIGN 
A20), which are putative internalization motifs required 
for DC-SIGN endocytosis, were exposed to low MOI 



CMV infection. Both DC-SIGN mutants were expressed 
in THP-1 cells with similar efficiency as the wild-type 
counterpart (Figure 5A). Moreover, they displayed 
roughly comparable capacities to bind CMV particles 
(Figure 5B). Parental and DC-SIGN-expressing (either 
wt or mutated) THP-1 cells were then assessed for their 
ability to transmit CMV to permissive MRC-5 cells. We 
found that following incubation with ADGFP CMV at 
37°C, DC-SIGN A35- or DC-SIGN A20-expressing THP-1 
cells showed a marked decreased capacity to transmit 
CMV as compared to DC-SIGN+ THP-1 cells (Figure 5C). 
Incubation on ice of DC-SIGN wt-expressing THP-1 cells 
with CMV prevented virus transmission to MRC-5 cells 
(Figure 5C). These results suggest that, similarly to HIV 
infection, trans-enhancement of CMV infection by DC- 
SIGN-expressing cells requires the cytoplasmic domain 
of DC-SIGN. 

DC-SIGN Expression Renders Low-Susceptible Cells 
Sensitive to CMV Infection and Mediates the Infection 
of MD-DC by Primary CMV Isolates 

We next investigated whether DC-SIGN is involved in 
cis in the entry of CMV into host cells. Two complementary 
approaches were developed to this purpose. First, using 
either HEK293T or THP-1 cells transduced with DC-SIGN, 
we evaluated their capacity to support CMV infection. It 
has been previously reported that undifferentiated THP-1 
are unable to support CMV IE gene expression despite 
virus entry (Lashmit et al., 1998; Weinshenker et al., 
1 988). We confirmed this finding and show that the HEK 
293T cell line similarly appears to be poorly susceptible 
to CMV infection (ADGFP virus). In sharp contrast with 
these findings, both HEK 293T and THP-1 expressing 
DC-SIGN were highly susceptible to CMV infection. In- 
deed, more than 40% of DC-SIGN + THP-1 cells were 
positive for GFP after 2 hr of contact with CMV ADGFP 
followed by a 2 day incubation, while no GFP expression 
was found in parental cells (Figure 6A). Similarly to DC- 
SIGN, the homologous DC-SIGNR lectin was capable 
of rendering HEK 293T susceptible to CMV infection 
(Figure 6B). Conclusive evidence about the role played 
by DC-SIGN in the infectiveness of transduced cells came 
from the drastic reduction of the CMV IE gene expression 
levels in both DC-SIGN+ THP-1 and HEK 293T cells in 
the presence of anti-DC-SIGN mAb (Figure 6A). 

MD-DC, which show natural expression of DC-SIGN, 
were used to confirm and extend the findings observed 
in the first set of experiments. By opposition to THP-1 
cells, MD-DC are known to be permissive to infection 
by primary CMV isolates. Detection of IEA and EA in a 
substantial number of MD-DC when incubated with 
TB40/E proved the susceptibility of these cells to non- 
adapted, clinical CMV strains. Amazingly, preincubation 
of MD-DC with the anti-DC-SIGN 1 B10 mAb prevented 
their infection by CMV with roughly the same efficiency 
as it did in DC-SIGN+ THP-1 cells (Figure 6C). 

Full replication of CMV in DC-SIGN-expressing cells 
was then assessed by quantifying the progeny of infec- 
tious virions. MRC-5, MD-DC, DC-SIGN+, or parental 
THP-1 cells were incubated with low titers of a primary 
CMV strain, washed in acidic buffer to remove noninter- 
nalized virus, and thereafter cultured for 14 days. The 
generation of infectious CMV virions from these cells 
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Figure 4. DC-SIGN Mediates CMV Transmission to Different Permissive Cells but Does Not Allow Transmission of HSV-1 and VZV 
(A and B) DC-SIGN* THP-1 cells were exposed either to anti-DC-SIGN 1B10 mAb or an isotypic control mAb prior to infection with ADGFP. 
ADGFP-pulsed DC-SIGN* THP-1 cells were cocultured for 24 hr either with MRC-5 (A) or U373 MG cells (B). GFP- (gray bars) or CMV IEA/ 
EA-expressing cells (open bars) were counted to evaluate CMV infection. 

(C) DC-SIGN* THP-1 cells incubated with anti-DC-SIGN 1B10 mAb (open bars) or an isotypic control mAb (dashed bars) or left untreated 
(gray bars) were exposed for 1 hr to TB40/E, AD169, or Towne CMV isolates, HSV-1 , or VZV. After removal of unbound virus and mAb, cells 
were cocultured with MRC-5 reporter cell line for 5 days. 

(D) MRC-5 cells were exposed for 5 days to an identical amount of cell-free viruses as used in (C) to infect DC-SIGN* THP-1 cells. IEA/ EA- 
expressing cells were detected by immunocytochemistry using specific antibodies for each herpesvirus. 



was quantified by plaque assay titration on MRC-5 cells. 
Accumulation of CMV virions was detected in culture 
supernatants from MD-DC and DC-SIGN+ THP-1 cells 
(Figure 6D). The amount of infectious virions released 
by MD-DC- or DC-SIGN-expressing THP-1 were 10 and 
16 times, respectively, more elevated than the number 
of input virus used at day 0 and comparable to amounts 
released by MRC-5 cells (Figure 6D). Preincubation of 
MD-DC or DC-SIGN+ THP-1 with the specific anti-DC- 
SIGN 1B10 mAb precluded detectable generation of 
CMV infectious virions, thus demonstrating the involve- 
ment of DC-SIGN in the c/s-infection of DC-SIGN- 
expressing cells (Figure 6D). 

Hence, these results imply that in c/s cell surface ex- 
pression of DC-SIGN not only potentiates the expres- 
sion of CMV IE gene products but also confers to CMV 
low-susceptible cells the capacity to support a full repli- 
cative cycle in the host cell. These findings suggest a 
crucial biological role of DC-SIGN in the propagation of 
the CMV natural infection by DC. 



Identification of CMV Glycoprotein B 
as a Viral Ligand of DC-SIGN 

Since DC-SIGN was shown to bind HIV particles through 
a specific interaction between the carbohydrate recog- 
nition domain (CRD) of DC-SIGN and sugar moities of 
HIV-1 gp120 (Mitchell et al., 2001), we searched for an 
equivalent of HIV-1 gp1 20 on CMV particles. The human 
CMV virion is known to harbor several different envelope 
glycoproteins. Among them, CMV gB, gH, and gM were 
shown to be directly involved in two early events of the 
CMV infection: CMV attachment and fusion between 
viral and cellular membranes (Compton et al., 1 993; Kari 
and Gehrz, 1992; Milne et al., 1998). The reasons for 
focusing our research on CMV gB are manifold. First, 
CMV gB is the most abundant and the most extensively 
N- and O-glycosylated envelope glycoprotein of CMV 
(Gibson, 1983). Second, it has been demonstrated that 
sequence variations in CMV gB from different strains 
of human CMV are lower than in other CMV envelope 
glycoproteins (Chou and Dennison, 1991). Third, CMV 
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(A) Cell surface expression of wt or mutated DC-SIGN (A35 and 
A20) receptors analyzed by immunostaining (1B10 mAb) and flow 
cytometry. 

(B) CMV binding capacity of THP-1 expressing wt or truncated DC- 
SIGN revealed by anti-CMV gB mAb. 

(C) Parental or DC-SIGN+ cells were incubated, either at 4°C or at 
37°C for 2 hr, with ADGFP CMV (moi = 0.1) and cocultured with 
MRC-5 cells for 3 days. Infection was assessed by estimating the 
number of GFP-expressing cells. 



gB has been proposed to play central roles in virion 
penetration into cells, transmission from cell to cell, and 
fusion of infected cells (Navarro et al., 1993). 

Recombinant, biotinylated CMV gB was directly 
bound and detected on DC-SIGN-expressing THP-1 
cells or MD-DC, but not on parental THP-1 (Figure 7A), 
and similar findings were observed with unlabeled CMV 
gB (data not shown). The attachment of CMV gB to cells 



was specifically abrogated by preincubation with the 
blocking anti-DC-SIGN 1B10 mAb. Further authentica- 
tion of CMV gB as a CMV DC-SIGN ligand came from 
a competition assay with other viral envelope glycopro- 
teins. In this assay, we preincubated DC-SIGN+ THP-1 
cells with purified HIV-1 gp120, CMVgB, HSV-1 gB, VZV 
gB, HSV-1 gD, or VZV gE. Following exposure to each 
single envelope glycoprotein, cells were incubated with 
biotinylated HIV-1 gp120, the binding of which to DC- 
SIGN+ THP-1 cells was evidenced by immunostaining 
and FACS analysis. Among the herpesvirus proteins as- 
sessed, only CMV gB decreased the binding of biotinyl- 
ated HIV-1 gp120 on DC-SIGN. This competitive effect 
of CMV gB was almost as efficient as that shown by 
unlabeled HIV-1 gp120, mannan, or anti-DC-SIGN mAb 
1B10 (Figure 7B). Pretreatment of DC-SIGN+ THP-1 cells 
and MD-DC with recombinant CMV gB before incuba- 
tion with CMV virions also efficiently blocked transmis- 
sion of CMV to susceptible MRC-5 cells (data not 
shown). 

To investigate whether DC-SIGNR could also bind 
to CMV gB, we incubated HEK 293T cells transiently 
transfected with cDNA encoding DC-SIGN or DC-SIGNR 
in the presence of biotinylated-HIV-1 gp120, -CMV gB, 
or -BSA (Figure 7C). No binding was observed when 
incubating transfected cells with the control BSA. In 
contrast, both HIV-1 gp120 and CMV gB efficiently 
bound to HEK 293T cells expressing either DC-SIGN or 
DC-SIGNR. Both interactions were calcium dependent 
since they were blocked by EGTA (data not shown). 
Surprisingly, at low concentrations CMV gB displayed a 
higher apparent affinity than HIV-1 gp1 20 for DC-SIGNR, 
whereas both viral glycoproteins bound to DC-SIGN- 
expressing cells with comparable efficiency. Together, 
these results demonstrated that CMV gB is a CMV ligand 
for DC-SIGN and DC-SIGNR. It deserves to be investi- 
gated whether this capacity is restricted to CMV gB or 
is shared by other CMV envelope glycoproteins. 

Characterization of DC-SIGN-Glycoprotein Interactions 

The surface plasmon resonance (SPR) technology was 
used to further analyze the characteristics of DC-SIGN 
binding to HIV-1 gp120 and CMV gB in vitro. Typical 
sensorgrams were obtained by injection of a concentra- 
tion range of recombinant soluble CRD domain of DC- 
SIGN (0.13 to 1 |j,M) over surfaces functionalized with 
HIV-1 gp120 (Figure 7D, left panel), CMV gB (Figure 
7D, middle panel), or HSV-1 gB (Figure 7D, right panel). 
Visual inspection of the binding curves immediately 
showed that DC-SIGN binds to HIV-1 gp120 and CMV 
gB, while only displaying negligible binding to HSV-1 
gB. Binding of DC-SIGN CRD to both HIV-1 gp120 and 
CMV gB was strongly inhibited by the anti-DC-SIGN 
1B10 mAb and EDTA (data not shown). The binding 
curves were then individually fitted to a Langmuir model 
(A + B = AB). This analysis returned an average on rate 
k„ n = 3.33 X 10 3 M 1 S 1 , and off rate k off = 1.01 X 10 3 
S 1 , thus giving an equilibrium dissociation constant of 
0.30 |j,M for HIV-1 gp120, and K, n = 4.4 X 10 3 M 1 S 1 , 
ko,, = 1 .26 X 1 0 3 S 1 , leading to an equilibrium dissocia- 
tion constant of 0.29 u,M for CMV gB. Since the affinities 
that characterize the DC-SIGN CRD binding to HIV-1 
gp120 and to CMV gB are similar, the higher binding 
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Figure 6. DC-SIGN Expression Renders Susceptible Cells Permissive to CMV Infection 

(A) Cells were pretreated for 30 min with medium (gray bars), anti-DC-SIGN 1 B10 mAb (open bars), or an isotypic control mAb (dashed bars) 
and thereafter incubated with ADGFP strain (1 PFU/cell). HEK 293T were transiently transfected either with a DC-SIGN cDNA plasmid or a 
control plasmid (pcDNA3.1). 

(B) HEK 293T cells were transiently transduced with DC-SIGN or DC-SIGNR cDNAs and incubated with ADGFP. In (A) and (B), GFP-expressing 
cells were quantified by flow cytometry at 3 days after infection. 

(C) THP-1, DC-SIGN + THP-1 cells, or MD-DC were pretreated as described in (A) (same symbols) and infected with TB40/E CMV (moi = 1) 
for 3 days. CMV infection was assessed by immunostaining with specific CMV IEA/EA mAb. Total number of CMV lEA/EA-positive cells on 
the slide was determined by extrapolating the number of positive cells contained in the optical field of the microscope (X10 objective). 

(D) MD-DC, MRC-5, parental, and DC-SIGN* THP-1 cells were pretreated and infected as described in (C). Noninternalized viral particles were 
removed by short incubation in a low pH buffer. At day 14 after infection, virions released in culture supernatants were titrated on MRC-5 
cells by plaque assays. Numbers on top of histograms indicate the rate of viral amplification. These values were calculated by dividing the 
absolute number of CMV particles collected in supernatants by the absolute number of CMV particles used to infect cells (20,000 PFU). 



level observed with the HIV-1 gp120 activated surface 
compared to the CMV gB surface (Figure 7D, left and 
middle panels) may simply reflect a difference in immo- 
bilization or in glycan density between both proteins. 

Discussion 

In the present report, we provide insights into the mech- 
anisms of interaction of CMV with DC and the transmis- 
sion of CMV infection to other cell targets. We show 
that DC-SIGN accounts for most of the binding of CMV 
to DC and mediates the attachment of CMV virions when 
expressed in DC-SIGN negative cells. Interaction of 
CMV with DC-SIGN occurs through specific binding with 
at least one CMV envelope glycoprotein, CMV gB. DC- 
SIGN is atype II membrane protein in which the extracel- 
lular domain encompasses the CRD and a stalk that 
mediates tetramerization (Mitchell et al., 2001). Like DC- 
SIGN, CMV gB is also present in multimeric complexes 
in CMV envelope (Scheffczik et al., 2001). CMV gB-DC- 
SIGN interactions analyzed by SPR were conducted us- 



ing recombinant soluble forms of DC-SIGN CRD, which 
are monomers (our unpublished data). The affinity of 
CMV gB for DC-SIGN measured by SPR was 0.3 u.M 
and was comparable to that estimated for HIV-1 gp120 
(Mitchell et al., 2001). This relatively low affinity is likely 
due to the inability of CRD to multimerize. The estimated 
affinity (Kd) of HIV-1 gp120 for the natural DC-SIGN 
molecule is 1 .4 nM (versus 5 nM for CD4) (Curtis et al., 
1992). These findings suggest that like HIV-1 gp120, 
CMV gB would display high affinity for oligomerized 
DC-SIGN. 

DC-SIGN-bound CMV retains infectious capacity 
since, upon binding onto DC-SIGN+ THP-1 cells or MD- 
DC, CMV is transmitted to permissive cells where the 
virus replicates actively. DC are receptive to CMV infec- 
tion by primary, nonadapted CMV isolates and refractory 
to infection by adapted, CMV laboratory strains. Taking 
advantage of this characteristic, we show that the ca- 
pacity of DC to transmit CMV to permissive cell targets 
can be dissociated from the ability of CMV to infect and 
replicate in DC. This result was confirmed using DC- 
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Figure 7. Identification of the CMV gB as a Viral Ligand for DC-SIGN and Characterization of the DC-SIGN/CMV gB Interaction by SPR 

(A) Binding of CMV gB to DC-SIGN. DC-SIGN+ THP-1 cells or MD-DC were pretreated with medium (black closed circles), anti-DC-SIGN 1 B10 
mAb (open circles), or an isotypic, control mAb (gray closed circles) and thereafter incubated with biotinylated CMV gB. Cell-bound CMV gB 
was revealed by PE-labeled streptavidin. Incubation of parental THP-1 cells with biotinylated CMV gB is also shown (black closed triangles). 

(B) Competition assay of biotinylated HIV-1 gp120 binding to DC-SIGN. Parental (upper panel) or DC-SIGN+ THP-1 cells (all other panels) 
were incubated with 2 |j,g/ml of biotinylated HIV-1 gp1 20. DC-SIGN* THP-1 cells were left untreated or preincubated with potential competitors 
(unlabeled HIV-1 gp120, mannan, anti-DC-SIGN 1B10 mAb, control isotypic mAb, or envelope glycoproteins from CMV gB, HSV-1 gB, and 
gD or VZV gE and gB) before incubation with biotinylated HIV-1 gp120. MFI of biotinylated HIV-1 gp120 staining is indicated in the upper- 
right corner of histograms. In each panel, control staining (dotted line) and biotinylated HIV-1 gp120 labeling in the absence of competitor 
(gray filled profile) or after preincubation with competitors (black filled histogram) are shown. 

(C) Binding of CMV gB to DC-SIGNR. HEK 293T cells were transiently transfected either with a control plasmid or plasmids encoding DC- 
SIGN or DC-SIGNR cDNAs. Transfected cells were incubated with increasing concentrations of biotinylated-CMV gB (dashed bars), biotinylated- 
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SIGN + HeLa cells which were capable of transmitting 
CMV to permissive target cells, while CMV IE antigen 
expression was never detected in these refractory cells. 
This DC-SIGN function is reminiscent of the aptitude for 
transmission of infection to CD4 + T lymphocytes shown 
either by HIV-1 -pulsed-DC or -DC-SIGN-transduced 
cells. 

Binding to and transfer of HIV-1 from DC-SIGN+ cells 
appear to be separable steps (Pohlmann et al., 2001 a). 
Recently, it has been shown that efficient transmission 
of HIV to CD4+ T lymphocytes from DC-SIGN-express- 
ing THP-1 cells requires internalization signals encoded 
in the cytoplasmic domain of the lectin (Kwon et al., 
2002). The requirement of DC-SIGN cytoplasmic signals 
for efficient trans-infection (named trans-enhancement) 
becomes particularly evident when low amount of virus 
are used as inoculum (Geijtenbeek et al., 2000b). Simi- 
larly to HIV, suboptimal inoculums of CMV become 
highly infectious when transferred from DC-SIGN~ 
THP-1 cells. Moreover, DC-SIGN derivatives A35or A20 
failed to support CMV transmission to highly susceptible 
cells, and incubation of CMV with wild-type- or trun- 
cated-DC-SIGN-expressing cells at 4°C prevented CMV 
transmission to permissive cells. These findings suggest 
that endocytosis of the receptor is required for efficient 
transmission of CMV to permissive cells. However, our 
experiments do not permit ruling out the involvement 
of putative transduction of intracellular signals in this 
phenomenon since deletion of DC-SIGN cytoplasmic 
domains or inhibition of cell signal activation at 4°C may 
preclude DC-SIGN-dependent cell activation. Overall, 
these findings suggest that in the natural CMV infection, 
DC-SIGN promotes take up of CMV and permits en- 
hancement of CMV transmission by interstitial DC to 
other cells. The hypothesis of in vivo CMV transport by 
DC raised the question of the stability of DC- 
SIGN-bound CMV particles. As previously described for 
HIV, we evidenced that DC-SIGN+ THP-1 cells can trans- 
mit CMV to other cell targets after 5 days in culture 
whereas cell-free virus lose infectivity upon incubation 
at 37°C for 24 to 48 hr. The ability of DC to transmit 
infection for a long time after exposure supports the 
hypothesis that DC transport small amounts of CMV 
from entry sites to target organs where they could trans- 
mit infectious CMV particles by cell-to-cell contact. 

A striking feature of DC-SIGN-CMV interactions is the 
capacity of the lectin to facilitate the infection of low- 
susceptible cells by CMV. Thus, THP-1 cells that do not 
normally support CMV replication become productively 
infected as they express DC-SIGN. CMV attachment to 
host cells is supposed to occur namely through low- 
affinity interactions with heparan sulfate proteoglycans 
(Compton et al., 1993; Kari and Gehrz, 1992). However, 
beyond this primary site of binding, the existence of 
an alternative cellular cofactor, required for a strong 



attachment of CMV on cell membranes as well as for 
its entry into cells, is postulated (Boyle and Compton, 
1998). Annexin II, which binds to CMV gB (Pietropaolo 
and Compton, 1 997) and a 92.5 kDa protein which binds 
to CMV gH (Baldwin et al., 2000) have been proposed 
to play this role. It is unlikely that DC-SIGN is the elusive 
CMV receptor that ultimately determines entry of the 
enveloped virions and replication in CMV infection-sus- 
ceptible cells. Indeed, CMV entry and infection occur in 
a number of cell types (i.e., MRC-5 fibroblasts and U373 
MG astrocytoma cells) where DC-SIGN is not expressed. 
The putative CMV receptor in these cells might be differ- 
ent from a lectin, although the existence of yet unidenti- 
fied DC-SIGN-like molecules accounting for binding and 
entry of CMV cannot be formally ruled out. 

The capacity of DC-SIGN to promote in c/s CMV repli- 
cation in otherwise low-susceptible cells can be ex- 
plained by three not mutually exclusive hypotheses. DC- 
SIGN owns the capacity to capture and internalize HIV-1 
in DC (Kwon et al., 2002). By analogy, DC-SIGN might 
promote internalization and trafficking of CMV to an 
intracellular compartment where it could initiate the in- 
fectious cycle. Alternatively, attachment of CMV to DC- 
SIGN, or DC-SIGNR, might facilitate the interaction with 
the authentic cellular receptor, which ultimately would 
account for CMV entry. Such a function would be remi- 
niscent of the facilitating effect shown by DC-SIGN on 
HIV infection of T lymphocytes displaying low levels of 
CCR5 (Lee et al., 2001). Finally, differentiation of THP-1 
cells with TPA was shown to induce permissiveness to 
CMV replication (Weinshenker et al., 1988). Similarly, 
signal transduction through DC-SIGN could lead to cel- 
lular differentiation and subsequent CMV replication. 

Regarding CMV infection, the in c/s capacity of DC- 
SIGN to facilitate viral entry is likely of biological rele- 
vance since the blockade by specific anti-DC-SIGN 
antibodies drastically reduces infectiveness of DC by 
primary, CMV isolates. The capacity of DC to support 
CMV infection may be related to the amount of DC-SIGN 
expressed at their surface. Thus, immature DC which 
express high levels of DC-SIGN can be infected by CMV 
(Raftery et al., 2001 ; Riegler et al., 2000), while matured 
DC that display low DC-SIGN expression show reduced 
susceptibility to CMV (our unpublished data). Expres- 
sion of DC-SIGN on immature DC of intestinal and geni- 
tal mucosae (Geijtenbeek et al., 2000b; Jameson et al., 
2002) may confer to this cofactor a crucial role for the 
infection of these primary target cells at the anatomical 
sites where initial CMV transmission or propagation 
most probably take place. A recent study described a 
monocyte-derived macrophage circulating subset, ex- 
pressing DC markers in vivo (Soderberg-Naucler et al., 
1997). This subset was shown to harbor latent CMV 
which reactivates upon allogeneic stimulation. It ap- 
pears necessary to investigate the expression of DC- 



HIV-1 gp120 (black bars), or biotinylated-BSA (open bars). Binding of biotinylated proteins was revealed by PE-conjugated streptavidin and 
analyzed by flow cytometry. Values are represented as MFI. 

(D) SPR analysis of DC-SIGN/CMV gB interaction. The recombinant soluble CRD of DC-SIGN at (from bottom to top) 0.13, 0.21, 0.36, 0.6, or 
1 |j,M was injected over surfaces coated with HIV-1 gp120 (left panel), CMV gB (middle panel), or HSV-1 gB (right panel) to analyze the 
association phase, after which running, buffer alone was injected to analyze the dissociation phase. Binding responses (response unit, RU) 
are reported as a function of time. Dissociation constants (Kd) are indicated for left and middle panels. 
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SIGN by these cells which could represent a biological 
link between this newly identified dendritic-like subset 
and the results we provide in this report. As recently 
reported, CMV-infected DC display decreased antigen 
presentation and differentiation capacities (Andrews et 
al., 2001 ; Raftery et al., 2001 ). Hence, by promoting DC- 
mediated trans-infection of target cells as well as c/s- 
infection of DC, DC-SIGN could be involved, apart from 
virus propagation, in CMV-mediated altered immune re- 
sponse. 

We show that DC-SIGNR is also able to bind CMV gB 
and to promote c/s-infection of apparently low-suscepti- 
ble cells. This DC-SIGN homolog is mainly expressed 
on EC (Bashirova et al., 2001 ; Pohlmann et al., 2001 b) 
which are known to be preferential targets of CMV in 
vivo and replicate primary, nonadapted CMV strains in 
vitro (Kahl et al., 2000). The expression of DC-SIGNR on 
placental EC and macrophages (Soilleux et al., 2001) 
could be involved in the materno-fetal transmission of 
CMV during congenital infections. Similarly, DC-SIGNR 
expressed in liver EC may be implicated in CMV-induced 
hepatitis, one of the most frequent clinical forms of this 
infection. 

Murine CMV shares many essential characteristics 
with its human counterpart and has been a widely stud- 
ied model for CMV infection. It has been shown that 
infection of DC by murine CMV prevents delivery of the 
signals required for T cell activation. The impairment of 
DC functions by murine CMV is supposed to be detri- 
mental for the host immune responses (Andrews et al., 
2001). The cloning of several homologs of DC-SIGN in 
mice (Park et al., 2001) should provide this model with 
an invaluable tool for studying the implication of DC- 
SIGN-like molecules in the dynamic of CMV dissemina- 
tion, the role of the different subsets of DC in the course 
of CMV propagation, and eventually the causes of CMV- 
induced immunosuppression. 

We hope that our findings will contribute to the defini- 
tion of future strategies for prophylaxis of CM V infection. 
Thus, it could be envisaged that in vivo inhibition of 
CMV/DC-SIGN or DC-SIGNR interaction might result in 
reduced virus dissemination in the host organism 
through inhibition of DC-mediated trans-infection of in 
vivo susceptible cells and/or infection of DC-SIGN- or 
DC-SIGNR-expressing cells, namely EC or DC. Pre- 
venting DC infection should in turn protect antiviral im- 
mune response by blocking the suppressive effect of 
CMV on these cells. 

Experimental Procedures 
Herpesviruses 

AD169, Towne (CMV laboratory strains), and TB40/E (CMV clinical 
isolate) were provided by Dr. S. Michelson (Institut Pasteur, Paris) 
and Dr. C. Sinzger (Tubingen, Germany), respectively. ADGFP is a 
genetically modified AD169 strain encoding an Enhanced Green 
Fluorescent Protein driven by the CMV immediate-early gene pro- 
moter (Borst et al., 2001). VZV and HSV-1 clinical isolates were 
obtained from Dr. Isabelle Garrigue (Laboratory of Virology, CHU 
Pellegrin, Bordeaux, France). 

Reagents, Antibodies, and Viral Glycoproteins 
Mannan and EGTA were purchased from Sigma-Aldrich Corporation 
(Saint Louis, MO). Soluble viral envelope glycoproteins were pro- 
duced and purified from mammalian or insect cells. H IV- 1 gp1 20 (MN 



isolate) was obtained from the NIBSC repository (Medical Research 
Council, United Kingdom). VZV gB and VZV gE (Jacquet et al., 1995) 
were gifts from Dr. A. Jacquet (Department of Applied Genetics, 
Gosselies, Belgium). HSV-1 gB and HSV-1 gD (Sisk et al., 1994) were 
provided by Dr. G.H. Cohen (University of Pennsylvania, Philadel- 
phia). Expression and purification of CMV gB (gift of Dr. Claude 
Meric, Aventis Pasteur, Marcy I'Etoile, France) were previously de- 
scribed (Norais et al., 1996; Pass et al., 1999). Anti-CMV gB (clone 
1-M-12, lgG1) and anti-DC-SIGNR (clone 120604, lgG2a) mAbswere 
purchased from Biodesign International (Saco, ME) and R&D Sys- 
tems (Minneapolis, MN), respectively. Anti-LIF 7D2 (Taupin et al., 
1993) and anti-SDF-1 K15C monoclonal antibodies (mAb) (Amara 
et al., 1999) were used as isotypic controls. 

Cells 

MRC-5 (Bio Merieux S.A., Marcy I'Etoile, France) and U373 MG 
(ECCC, Salisbury, United Kingdom) are CMV-, HSV-1- and VZV- 
permissive cell lines, from fibroblastic and astrocytic origin, respec- 
tively. Parental and DC-SIGN+ THP-1 cells (wild-type and A35 and 
A20 mutants lacking the first 35 and 20 amino acids of the cyto- 
plasmic domain, respectively) (Kwon et al., 2002) were a gift from 
Dr. D.R. Littmann (Skirball Institute of Biomolecular Medicine, New 
York). DC-SIGN+ HeLa cells were generated by infecting HeLa cells 
with an HIV-derived vector (TRIP-AU3 vector, a gift from Dr. P. 
Charneau, Institut Pasteur, Paris) encoding a human DC-SIGN 
cDNA. MD-DC were generated from peripheral blood monocytes 
treated with 20 ng/ml IL-4 (Schering-Plough, Kenilworth, NJ) and 
100 ng/ml GM-CSF (Leucomax, Novartis-Pharma, Rueil Malmaison, 
France) (Romani et al., 1 994). At day 5, virtually the totality of cells 
displayed the phenotype CD1a\ HLA-DR + , CD80'™, CD86">», 
CD83", CD14- characteristic of immature MD-DC. 

DC-SIGN cDNA and anti-DC-SIGN Antibodies 
DC-SIGN cDNA was isolated from human immature MD-DC by RT- 
PCR. For expression in mammalian cells, human DC-SIGN was sub- 
cloned at the EcoRI/Xbal sites of the pcDNA3 myc-His (version A) 
plasmid (Invitrogen, Carlsbad, CA). The DC-SIGNR cDNA was a gift 
from Dr. R.W. Doms (University of Pennsylvania, Philadelphia). Anti- 
DC-SIGN clone 1B10 (lgG2a) was obtained by immunizing BALB/c 
mice withHEK293T cells transfected with DC-SIGN cDNA, screened 
by indirect immunofluorescent staining and FACS analysis on DC- 
SIGN HeLa cells and used as purified immunoglobulins. 

Infection Assays 

Fortrans-infection experiments, cells were incubated with viral sus- 
pensions (CMV, VZV, or HSV-1 , moi = 1) for 2 hr at 37°C. Thereafter, 
unbound viral particles were removed by extensive washes and 
cells were cocultured with subconfluent MRC-5 or U373 MG cell 
monolayers. After 24 to 72 hr, infected MRC-5 or U373-MG cells 
were fixed, permeabilized, and stained with specific mAbs directed 
against IEA- or EA-CMV (mAbs E13 and 2A2, respectively), VZV 
(mAb 201 3), orHSV(mAbCHA-437) (Argen Biosoft, Varilhes, France). 
When indicated, MD-DC orTHP-1 (parental or DC-SIGN+) cells were 
incubated with EGTA (5 mM), mannan, or anti-DC-SIGN (1 B10 mAb) 
for 30 min at 4°C prior to challenge with infectious preparations. 
Infection by ADGFP strain was assessed by counting GFP-express- 
ing cells at day 3 by flow cytometry. For long-term infectivity experi- 
ments, DC-SIGN+ or parental THP-1 cells were incubated with 
ADGFP (moi = 1) for 4 hr at 37°C. After extensive washes, infected 
cells were incubated at 37°C, and an aliquot of these cells was 
added to a subconfluent MRC-5 cell culture every 2 days during 

To assess the effect in cis of DC-SIGN during infection, cells 
were incubated with low titers of CMV (moi = 0.1) for 2 hr at 37°C. 
Noninternalized viral particles were removed by washes in low pH 
citrate buffer (pH = 3). The numberof infected cells was determined 
by immunocytochemistry 72 hr after infection. Supernatants from 
infected cells kept in culture for 14 days were harvested to quantify 
de novo generated virions by plaque-assay titration. 

HIV-1 gp120 Binding Competition and CMV gB Direct 
Binding Assays 

DC-SIGN+ THP-1 cells were washed two times, resuspended in ice- 
cold binding buffer (1 mM CaCI 2 , 2 mM MgCI 2 , and 0,1 % Bovine 
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Serum Albumin in PBS) at 10 6 cells/ml and pretreated or not for 15 
min with competitors (20 |j,g/ml). Thereafter, recombinant biotinyl- 
ated CXCR4-tropic (MN isolate) HIV-1 gp120 (2 i^g/ml; Immunodiag- 
nostics Inc., Woburn, MA) was added for 30 min at 4°C. After exten- 
sive washing, cell-bound biotinylated HIV-1 gp120 was revealed by 
flow cytometry using FITC-conjugated Streptavidin (Immunotech 
SA, Marseille, France). For CMV gB binding experiments, recombi- 
nant soluble CMV gB and Bovine Serum Albumine (BSA; Amersham 
Pharmacia Biotech, Uppsala, Sweden) were biotinylated with sulfo- 
NHS biotin, according to manufacturer instructions (Pierce, Rock- 
ford, IL). 

Analysis of DC-SIGN Interactions with Viral Envelope 
Glycoproteins by SPR 

The cDNA coding for the DC-SIGN CRD (amino acids 254-^04) was 
obtained by PCR and cloned into pET15b (Novagen). The protein 
was expressed in Escherichia coli C41(DE3) as inclusion bodies. 
Refolding of the protein has been done by dilution and dialysis as 
described (Mitchell et al., 2001). Purification of refolded DC-SIGN 
CRD has been achieved in two steps: first on a Ni-NTA (QIAGEN) 
column equilibrated in 25 mM Tris CI (pH 7.8), 150 mM NaCI, and 
4 mM CaCI 2 (loading buffer) and eluted with a linear gradient of 
imidazole and second on a Mannose-agarose column equilibrated 
in loading buffer, and eluted in buffer where CaCI 2 was replaced by 
EDTA (1 0 mM). Pooled fractions are then concentrated and dialyzed 
against loading buffer. 

Four flow cells of a Biacore B1 sensor chip were activated as 
described (Amara et al., 1999). The first flow cell was then blocked 
with 50 (jlI of 1 M ethanolamine (pH 8.5) and served as a control 
surface. The three other ones were treated with soluble gp1 20, gB 
CMV, orgBHSV (concentration range l-IO^g/ml in 10 mM acetate 
buffer [pH 5]). Typically, this procedure permitted the coupling of 
approximately 250-350 resonance units (RU) of proteins. For binding 
assays, DC-SIGN CRD was diluted in loading bufferand was allowed 
to react with the sensor chip (at 30 |jj/min). In a typical analysis, 
DC-SIGN CRD (0.13 to 1 jjlM, see legend to Figure 7D) was injected 
over the four flow cells for 8 min, after which the complexes were 
rinsed with buffer to analyze the dissociation phase. The surface 
was then regenerated with a 6 min pulse of running buffer containing 
50 mM EDTA instead of CaCI 2 . Sets of sensorgrams were analyzed 
using the BIAevaluation 3 software. 
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Abstract 

Dengue virus is a single-stranded, enveloped RNA virus that productively infects human den- 
dritic cells (DCs) primarily at the immature stage of their differentiation. We now find that all 
four serotypes of dengue use DC-SIGN (CD209), a C-type lectin, to infect dendritic cells. 
THP-1 cells become susceptible to dengue infection after transfection of DC-specific ICAM-3 
grabbing nonintegrin (DC-SIGN), or its homologue L-SIGN, whereas the infection of den- 
dritic cells is blocked by and— DC-SIGN antibodies and not by antibodies to other molecules 
on these cells. Viruses produced by dendritic cells are infectious for DC-SIGN— and L-SIGN- 
bearing THP-1 cells and other permissive cell lines. Therefore, DC-SIGN may be considered 
as a new target for designing therapies that block dengue infection. 

Key words: receptor • flavivirus • lectin • antigen-presenting cells • virus receptor 



Introduction 

Dengue virus (DV)* is the most common human arbovirus 
infection worldwide. It is an emerging and volatile public 
health concern. DV is composed of four antigenically dis- 
tinct serotypes: DV 1, 2, 3, and 4 (1). All serotypes cause 
human disease; viremia is detected early, in essentially all 
DV cases at the onset of symptoms (2). Although most in- 
fections are generally mild, a compile, ited DV infection can 
result in dengue hemorrhagic fever and dengue shock syn- 
drome. These life-threatening complications usually occur 
after a second DV infection with a heterologous strain (3). 
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Epidemiologic evidence indicates that the immune-medi- 
ated enhancement of infection m the presence of a waning 
heterologous antibody is the underlying mechanism (4, 5). 
This process is referred to as antibody-dependent enhance- 
ment and was first reported over 30 yr ago (6, 7). The 
phenomenon of antibody-dependent enhancement not- 
withstanding, the fact remains that no long-term cross pro- 
tection is conferred by any dengue serotype (8). This makes 
the prospects of vaccine design demanding and creates an 
impetus for new types of therapy. 

The design of strategies to counter DV infection requires 
information on cellular sites and mechanisms of infection. 
However, limited data are available to establish the major 
sites of DV replication in vivo. In natural infection, DV is 
deposited by the mosquito vector into the skin during a 
blood meal. Recent studies (9-12) indicate that immature 
dendritic cells (DCs), which are normal residents of the 
skin, support infection with DV, and that this infection is 
not altered by a DV-enhancing immune serum (10). Cellu- 
lar receptors for DV also are not well-defined. Heparan sul- 
fates (13), LPS/CD14-associated binding proteins (14), and 
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other glycoproteins (15, 16) have been proposed as cellular 
receptors for DV, but these would not explain our prior 
findings (9) that DCs and not monocytes or macrophages 
are preferentially infected with DV. 

Certain subsets of DCs, especially those susceptible to in- 
fection with DV in culture (9—12), express DC-specific in- 
tracellular adhesion molecule (ICAM) 3— grabbing noninte- 
gnn (DC-SIGN; reference 17). This C-type lectin allows 
direct infection of DCs with Ebola virus (18, 19), human 
cytomegalovirus (20), Leishmania pifanoi amastigotes (21), 
and Mycobacterium tuberculosis (22-24). DC-SIGN also ac- 
counts, in large part, for the capacity of DCs to capture and 
retain HIV-type 1 (HIV-1) for the infection of T cells (17, 
25—28). Using primary human DCs naturally expressing 
DC-SIGN, as well as cell lines transfected with DC-SIGN 
and its homologue liver/lymph node-specific ICAM-3— 
grabbing nonintegnn (L-S1GN), we show extensive infec- 
tion with DV as a direct result of expression of these lec- 
tins. Because DC-SIGN-mediated DV entry allows for 
productive infection, releasing infectious virions capable of 
transmitting DV infection to susceptible cells, these results 
make DC-SIGN a logical new candidate for interrupting 
DV infection in humans. 



Materials and Methods 

\ ~iral Slocks and Infection. All viral stocks and cell Hues were 
mycoplasma-free. The dengue-2 strain, S16803, was grown in an 
African green monkey Vero cell line (American Type Culture 
Collection), and cell-free supernatants with a titer of 10 6 -10 7 
PFU/ml were used as virus stocks. In some experiments, DV 1, 
3, and 4 from two sources were also used. The isolates were ei- 
ther nonattenuated (not passaged in primary dog kidney cells) and 
grown in the lab in C6/36 mosquito cells and Vero cells, or the 
viruses were low passage clinical isolates from Bandung, Indone- 
sia and grown in C6/36 mosquito cells after isolation. For DV in- 
fection, the cells were exposed to DV for 2 h with a multiplicity 
of infection (MOI) of 0.02-1. The exposed cells were washed 
with a complete medium (cRPMI consisting of RPMI 1640 
| Quality liiologioals| supplemented with 10% heat-inactivated 
FCS [PAA Laboratories, Inc.], 2 mM L-glutamine, 100 U/ml 
penicillin, and 100 U ml streptomycin |Qualitv Biologicals|) at 
least twice to remove excess virus. For antibodv-blo< king stud- 
ies, we tested azide-free anti-human-DC-SIGNl mAb (clone 
120507), anti-DC-SIGN2 (clone 120612), anti-L-SIGN (clone 
120604; R&D Systems), anti-CDlla (lymphocyte function-asso- 
ciated antigen 1, LFA-1), anti-CD58 (LFA-3), anti-CD74 (in- 
variant chain), and matched isotvpe controls (Becton Dickinson). 
I he test cells w ere pretreated w ith 2-20 gg ml of the indicated 
mAb for 60 min at 37°C before exposure to DV. 

Monocyte- JcnrcJ /')( ,\\ PBMCs w ere cultured as described 
previously (29) with some modifications. In brief, leukapheresis 
blood from healthy donors w as layered over Ficoll-I lypaque and 
ocntrifuged to isolate the mononuclear cells, whic h w ere adhered 
to Petri dishes for 60 mm at 37°C. After six to eight washes with 
complete media, the adherent cells were cultured in 10 ml 
cRPMI with 800 U/ml rhuGM-CSF (Immunex) and 1,000 
U/ml rhuIL-4 (R&D Systems). Cytokines were added every 
other day. To produce mature DCs, 20% (vol/vol) monocyte- 
conditioned media (MCM) was added to the cells for an addi- 
tional 2 d. MCM was prepared as described previously (29). The 



appropriate phenotype of immature and mature DCs was con- 
firmed by cytofluorometry before each experiment. Specifically, 
immature and mature DCs lacked CD3, CD14, CD20, and 
CD56, but expressed high levels of MHC class I, class II, and 
CDla; only mature cells expressed high levels of CD25, CD83, 
and CD86 as described previously (30). 

THP-1 Human Monocytic Cell Lines. We were provided 
with DC-SIGN-transfected THP-1 (THP DC-SIGN), THP 
DC-SIGN A35 (fully truncated cytoplasmic tail), and THP-1 
cells by Dr. D. Littman (New York University School of Medi- 
cine, New York, NY; reference 27) and L-SIGN/DC-SIGNR 
expressing THP (THP L-SIGN) by Dr. V. KewalRamam (Na- 
tional Cancer Institute. Frederick, MD; referenc e 25). All THP-1 
cells were grown in complete media. 

Monitorine Infection irith 1)1'. I he DV or moc k-infected cells 
were cvtospun onto slides, air-dried, and fixed with 4% parafor- 
maldehyde. Specific anti-DV mAbs, 2H2, or 3H5 (anti-DV en- 
velope c omplex) or anti-DC-SIGN (120507) were applied after 
perineabilr/ation with l"n saponin. After several washes, the ap- 
propriate sec ondary antibodies w ere added; i.e., for immunofluo- 
rescence, directly c onjugated goat anti-mouse Alexa Fluor 54(> or 
488 (Molecular Probes) or for immunocytochemistry, biotiny- 
lated horse anti-mouse followed by Vectastain ABC alkaline 
phosphatase or peroxidase kits (Vector I abs). Nuclei were labeled 
with DAPI (4', (>'-diatiiidino-2-phcii vlindole • 2HC1; Sigma- 
Aldnch) for immunofluorescence. Matc hed isotvpe c ontrol anti- 
bodies were used in both mock-infected and DV-exposed cells to 
assess background staining. The slides were mounted and ana- 
lyzed using either standard light mic rosc opy or a dec onvolution 
microscope (AX-70 laser scanning microscope; Olympus). To 
quantify the infection virus, a Vero cell plaque assay was per- 
formed as described previously (31). Six 10-fold serial dilutions 
I I : 1 1 1— 1 : 1 1 )' ' i w ere made tor each supernatant sample and inoculated 
into duplicate wells of six-well tissue culture plates containing 
confluent Vero cell monolayers. After vims adsorption for 1 h, 
the Vero monolayers were overlaid with complete MEM media 
(Cellgro) containing agarose ('In vitrogcn ) to restric t dissemination 
of progeny virions. The cells were incubated for 5 d at 37°C in a 
5%-C0 2 incubator and overlaid with the vital stain, neutral red 
(Sigma-Aldrich). Plaques were counted by visual inspection at 24 
and 48 h after neutral red overlay to determine the number of 
plaque-forming units of I )V per milliliter of supernatant. 

Flow Cytometry. To characterize DCs, a FACS® Calibur 
(Becton Dickinson) was used to monitor surface staining with a 
panel of PE-conjugated mAbs to HLA-DR, CD80, CD86, CD3, 
CD14, CD20, CD25 (Becton Dickinson), CD83 (Immunotech) , 
CDllc, CDla (BD Biosciences), and matched isotvpe controls. 
To detect intracellular DV antigens, cells were fixed with 4% 
paraformaldehyde, permeabili/ed with 0.5% saponin, stained 
with I I I C-ooinugated-2I 12 (anti-DV envelope complex mAb) 
and/or FITC-conjugated-7Ell (anti-DV-NSl mAb, first non- 
structural protein), with antibodies provided by R. Putnak 
(Walter Reed Army Institute of Research, Washington, DC). 

Statistical Analysis. I his was performed with StatView 5 
(SAS Institute). 



Results 

Cell-surface DC-SIGN Expression Correlates with DV Infec- 
tion Rates. We used flow cytometry to follow the ex- 
pression of DC-SIGN and infection with DV. We sus- 
pected that DC-SIGN (CD209) might serve as a DV 
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receptor. For example, prior work showed that immature 
DCs were much more susceptible to DV infection than 
their mature counterparts (5— 10-fold higher levels; refer- 
ence 9), and we found that the expression of DC-SIGN 
mean fluorescence intensity (MM) was threefold higher on 
immature DCs (MFI = 175 ± 49, n = 4) compared with 
mature DCs (MFI = 60 ± 3, n = 3; Fig. 1 A) in agree- 
ment with other reports (18, 27, 32, 33). To study the role 
of DC-SIGN in DV entry, we used a DC-SIGN-trans- 
fected THP-1 (THP DC-SIGN) cell line, and the corre- 
sponding nontransfected THP cells as controls (27). We 
confirmed high levels of DC-SIGN on the transfected cells 




Hgurc 1. C A'loiluoromctry of DV infection of DC-SIGN expressing 
ceUs. (A) The MFI of DC-SIGN surface expression on DC and THP-1 
cells is shown (left), l'he Kirs represent means ( 1 SI-.M) of.it least three 
independent experiments. Hie top right histogram shows the relative 
DC-SIGN expression (MFI) on a representative donor's immature 
(shaded) and MCM-ni.itnred DCs (heavy line). The bottom right histo- 
gram shows relative DC-SIGN on the surface of THP DC-SIGN 
(shaded) and THP-1 cells (heavy line). Matched isotype controls are rep- 
resented by the light dashed line. (15) [he mean (± SEM) percentage of 
DV infection of immature and mature DC (left) and THP DC-SIGN and 
l'IIP-1 (right) after intracellular staining for dengue envelope antigen 
(2H2) in at least three independent experiments. (C) Positive correlation 
between DC-SIGN expression (MFI) on the x axis and percent DV in- 
fection as determined by 2H2 binding on the y axis on both DC and 
THP ceUs (h = 16). 



and no DC-SIGN expression on the nontransfected cells 
(Fig. 1 A). When these different cell types were exposed to 
DV (MOI = 1) and evaluated for infection 48 h later using 
a DV-specilic iiKinoelon.il antibody (2H2) that binds to a 
dengue envelope complex protein, only the DCs and the 
THP DC-SIGN transfectants were infected (Fig. 1 B). In 
multiple experiments, the amount of infection of each cell 
type was directly correlated (r = 0.89) with the level of 
DC-SIGN expression (Fig. 1 C). These data implicate DC- 
SIGN in DV infection. 

THP DC-SIGN Can Be Infected with All Four Serotypes 
qfDV. We extended the study of DV infection to two 
different l)Y-speeitie 1iKHKieku1.1l antibodies, the previously 
mentioned 21 12 anti-envelope complex antibody and the 
7E11 antibody, to a nonstructural protein 1 (NS1) that is 
expressed during viral replication but is not a component of 
the virion. Infection, as assessed by the binding of mono- 
clonal antibodies, was proportional to the dose of added vi- 
rus (Fig. 2 A). The 2H2 binding typically was slightly 
higher than the 7E11 binding and again, no infection was 
detected in the nontransfected THP with either antibody. 
Kinetic studies with the DEN-2 virus (MOI = 0.2) were 
used to determine the peak time for detection of infection 
(Fig. 2 B). The optimal time point was at 48 h after viral 
exposure, which is consistent with previous studies in pri- 
mary DCs (9, 11, 12). All studies used this 48-h time point, 
unless otherwise noted. All four DV serotypes were able to 
infect THP DC-SIGN transfectants, as previously shown in 
immature DCs (Fig. 2 C; reference 9). Of note, both low 
passage clinical isolates (two passages) and more lab-adapted 
isolates were able to infect at similar levels. When DV in- 
fection was evaluated in THP cells transfected with 
L-SIGN, a close relative of DC-SIGN (25), high levels of in- 
fection were again observed with all four serotypes (unpub- 
lished data). To inspect DV infection at the cellular level, 
we looked for DV antigens (21 12; red) using immunofluo- 
rescence and confocal microscopy in DC-SIGN-bearing 
cells (Fig. 2 D, green) at early and late time points, 2 and 
24 h, respectively (Fig. 2 D). Newly produced virions ac- 
cumulated in both DCs and THP transfectants at the later 
time point (Fig. 2 D, bottom), which is consistent with 
prior EM observations that replicating DV (at 24-48 h) is 
found in the endoplasmic reticulum of DCs (9, 12). The 
presence of the replicating virus within the DC-SIGN- 
bearing cells was confirmed by staining viral antigens with 
2H2, using immunohistochemistry techniques. Abundant 
viral antigen was noted in the cytoplasm (Fig. 2 k, red) in 
DC-SI GN-beanng cells (Fig. 2 E, blue) at 48 h (but not at 
2 h) for both immature DC and THP DC-SIGN (Fig. 2 E) 
and THP L-SIGN (unpublished data). No viral antigens 
were detected in non DC-SIGN-bearing cells (unpub- 
lished data). Therefore, transfection of THP cells with DC- 
SIGN and k-SIGN renders the cells permissive to infection 
with all DV serotypes. 

Anti-DC-SIGN Monoclonal Antibodies Block DV Infection 
in Dendritic Cells and THP DC-SIGN Cells. To further 
evaluate DC-SIGN as a potential DV receptor, we used 
two different anti-DC-SIGN antibodies (clones 120612 
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Figure 2. Dose and time dependence of DV infection in THP DC- 
SIGN cells. (A) Titration of DV2 infection in THP DC-SIGN and THP-1 
2 d after infection. The infected cells were stained for DV envelope anti- 
gen (clone 2H2) and the NS1 (clone 7E11) and infection was determined 
by calculating the percentage of fluorcsccncc-p. «ihve cells, ilii Kinetics 
of DV2 infection in THP DC-SIGN and THP-1. The infected cells were 
harvested at t = 0, 24, 48, and 72 h and stained with 2H2 and 7E11. (C) 
DV infection rates of all four DV serotypes in THP DC-SIGN and 
THP-1, using DV 1, 2, 3, and 4. Data are averages of two independent 
experiments. (D) Representative immunofluorescence experiment at two 
time points (2 h, lop, and 24 h, bottom) showing bound DV envelope 
complex antigens (red) in DC-SIGN (green)-bearing DC (left) and 
THP-DC-SIGN (right) cells. Nuclei were labeled with DAPI stain. (E) 

cellular DV envelope complex antigens clerk roll m DC-SIGN hearing 
ceUs (blue). The led (immature DC) and right panels (THP DC-SIGN) 
show cells infected with DV. Original magnifications at 200 (insets, 600). 



and 120507). Preliminary antibody titration experiments 
were performed, which indicated that a range of 2— 20 ug/ 
nil antibody was sufficient to reduce infection of the 1 )( ' 
(unpublished data). All subsequent blocking experiments 
were conducted using 2 ug/ml anti-DC-SIGN antibody 
and matched isotype control antibodies including anti- 
CDlla. In multiple experiments, both DC-SIGN antibod- 
ies independently and significantly blocked DV infection of 
either immature or mature DCs at 2 ug/ml (Fig. 3 A). We 
used similar experimental conditions for blocking DV in- 
fection of THP cells (Fig. 3 B). We added two other rele- 
vant antibodies that react strongly with the cells: anti- 
CD58 (LFA-3) and anti-CD74 (invariant chain). The levels 
of DV infection were unaltered in the presence of antibod- 
ies to CD58, CD74, or CDlla. Interestingly, we found 
that the 120507 clone was less effective at blocking DV in- 
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fection (reduced by 50%) when compared with the "cross- 
reactive" 120612 clone (reduced by 90%) in the THP DC- 
SIGN cells. The THP L-SIGN cells were readily blocked 
using cither the cross-reactive clone 120612 (>75% reduc- 
tion)' or the L-SIGN-specific clone 120604 (95% reduc- 
tion; Fig. 3 C). Thus, DV infection of DCs, DC-SIGN, or 
L-SIGN— transfected cells can be significantly blocked by 
antibodv-selective targeting of an epitope shared by DC- 
SIGN and L-SIGN. 

The Cytoplasmic Domain of DC-SIGN Enhances but Is Not 
Essential for Infection. To gam information on the mecha- 
nism of DC-SIGN function, we considered a THP DC- 
SIGN cell line in which the DC-SIGN molecule lacked its 
cytoplasmic domain (THP DC-SIGN A35). The cytosolic 
tail of DC-SIGN mediates endocytosis and is important for 
sequestering and transmitting HIV-1 when DCs are ex- 
posed to low doses of virus (27). DC-SIGN expression lev- 
els on the wild-type and THP DC-SIGN A35 cells were 
comparable (300-500 MFI). We found a significant reduc- 
tion in viral entry in the THP DC-SIGN A35 (75% reduc- 
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1 ijjure 4. Intcrn.diration of 
DV. Comparison of DV infec- 
tion of Tl II' dc-sign, I I IP 
DC-SIGN A35 (fully truncated 
cytoplasmic domain DC-SIGN), 
and I IIP-1 in the presence of 
specific ami DC-SIGN antibody 



512) or a 



I. Data are the meat 
( 1 SHM) of three independen 
experiments. 



tion) after DV exposure (big. 4). Nevertheless, the residual 
DV infection could be completely abrogated in the pres- 
ence of the anti-DC-SIGN antibody (clone 120612). This 
residual infection might have resulted from the constitutive 
entry of the truncated DC-SIGN receptor during bulk 
phase endocytosis, which is active m the cells we studied. 

Spreading Infection of DCs Is Inhibited by Anti-DC-SIGN 
Antibodies. To determine if DV infection of DCs pro- 
duced infectious virions, we performed a standard DV 
plaque assay (31) in susceptible Vero cells. We infected 
DCs or THP DC-SIGN/THP L-SIGN cells for 2 h in the 
absence or presence of blocking anti-DC-SIGN mAbs, 
washed, cultured the cells for 48 h to allow for production 
of infectious virus, and checked the 48-h supernatants for 
infection of Vero cells. The data showed that supernatants 
from the DC-SIGN-bearing cells induced plaque forma- 
tion and transmitted DV infection; furthermore, the 
"trans" DV infection was significantly reduced (>1 log 
drop [PFU/ml]) when the initial infection of DCs had 
been performed in the presence of anti— DC-SIGN anti- 
bodies (Fig. 5). 

Discussion 

This paper identifies DC-SIGN and L-SIGN as media- 
tors of DV infection. DC-SIGN is expressed primarily by a 
subset of DCs, whereas L-SIGN is expressed by certain en- 
dothelial cells, especially sinusoidal endothelium in liver 
and lymphoid organs and placental capillaries. We suggest 
that DC-SIGN allows immature DCs to capture and repli- 
cate DV after transmission from the mosquito vector. It is 
not clear if standard targets for DV infection, e.g., monkey 
Vero cells and C6/36 mosquito cells, express a functionally 
equivalent molecule to DC-SIGN or if they use an entirely 
distinct pathway of infection. 

Although DC-SIGN binds at least two normal cellular 
adhesion molecules, ICAM-3-CD50 (32) and ICAM-2- 
CD102 (34), much of the research on this C-type lectin has 
invok ed its interaction with pathogens. DC-SIGN is prov- 
ing to be a receptor used by DCs to capture, replicate, and/ 
or transmit many pathogens, at least in culture. DC-SIGN 
is known to play a critical role in tissue culture by enhanc- 
ing HIV transmission from DC to T cells (17, 27, 35). Re- 
cently, the Ebola virus (18, 19), cytomegalovirus (20), L. 
pifanoi amastigotes (21), and M. tuberculosis (22-24) were 
shown to use DC-SIGN to gain entry into DCs. Not only 
are large numbers of DCs and transfected THP-1 cells in- 



t igure 5. Plaque assays of cell-free culture superualauls show" infectiv- 
ity. Superualauls transmit DV infection from DV-infecled DCs (left) and 
THP DC-SIGN cells (right) to Vero ceUs. DCs or THPs were pretreated 
with an anti DC-SIGN niAh (clone 12uul2) or a matched isotype con- 
trol and exposed to DV for 2 h. Virus and niAh were washed away, and 
the supernatants were collected 4S h later. Plaque assays were used to de- 
termine PMJs in the collected supernatants. Data are the averages of two 
indep end ent exp erim ents. 

fected quickly with DV, but these cells yield a virus that is 
infectious for other cells. I litis, vcrv low MOIs are suffi- 
cient to bring about .1 productive infection. In IIIV-1 in- 
fection, direct infection of DCs is actually minimal at a 
time that DC-SIGN is allowing the DCs to sequester and 
transmit HIV-1 to T cells. With cytomegalovirus, like DV, 
the DCs themselves are infected (cis) and enhance infection 
of a permissive cell type in trans (20); in Ebola, L. pifanoi, 
and M. tuberculosis, it remains to be determined if DC- 
SIGN promotes spreading infection. Therefore, DC-SIGN 
likely recognizes "pathogen-associated microbial patterns." 
One of the consequences of the DC-SIGN— pathogen in- 
teraction may be to enhance infection or pathogenesis by 
allowing the pathogen to enter the endocytic system. Once 
inside the endocytic pathway, the pathogen either repli- 
cates or fuses with the vacuole membrane to enter the cy- 
toplasm. The latter is proposed for a pathogen like DV, 
where an acidic environment is likely to be required for the 
fusion of the DV envelope glycoproteins with the host cell 
membrane (36). 

We used specific monoclonal Abs to block infection of 
DCs and THP DC-SIGN/L-SIGN to prove that viral en- 
try depends specifically on these lectins. Control antibodies 
that reacted strongly with DCs and THPs (CDlla, 58, and 
74) did not block infection. The two receptors, DC-SIGN 
and L-SIGN/DC-SIGNR, exhibit 77% amino acid iden- 
tity and likely share ligands (25 ). We used two anti— DC- 
SIGN clones: DC-SIGN^;pecific (120507) and another 
cross-reactive clone (120612) that binds to shared epitopes 
on DC-SIGN and L-SIGN/DC-SIGNR. The antibodies 
all blocked infection in primary DCs and THP DC-SIGN, 
but the latter were most efficiently blocked with the cross- 
reactive monoclonal antibody. This suggests that a critical 
epitope for DV infection involves an epitope shared by 
DC-SIGN and L-SIGN. However, this does not exclude 
other possibilities such as antibody-induced steric hin- 
drance of a nearby DV epitope or antibody-induced con- 
formational changes at a distant epitope. 

In an extension of the work presented here, we per- 
formed neutralization assays with sera from DV-infected 



827 Tassaneetrithep et al. 



patients and monoclonal antibodies to the DV envelope. 
Both the patients' sera and monoclonal antibody indepen- 
dently blocked infection of immature DC and THP DC- 
SIGN cells in a dose-dependent manner (unpublished 
data). It is possible that antibodies to DV have two con- 
trasting functions. I he valuable one, m terms of vaccine 
design, would be to block primary infection at the level of 
the DV envelope interacting with DC-SIGN receptors on 
DCs (and possibly L-SIGN on endothelial cells). The other 
contrasting function would be for an antibody to enhance 
infection via macrophages, which express Fc receptors but 
lack DC-SIGN. Prior work showed that antibody-medi- 
ated enhancement of DV infection, using select "enhanc- 
ing" sera obtained in the waning stages of heterotypic DV 
infection, is not observed in DCs (10). The presence of 
DC-SIGN may override the need for other binding mech- 
anisms to enhance infection in DCs. 

Highly conserved, relevant epitopes of DV involved in 
cellular infection need to be identified to advance the de- 
velopment of DV vaccines and therapies. Current DV vac- 
cine strategies need to incorporate all four serotypes due to 
the potential risk of DV hemorrhagic fever and shock svn- 
dromes. Recent public health concerns also extend to the 
potential use of the viruses that cause hemorrhagic fevers as 
weaponzied biological agents (37, 38). The possibility of 
limiting productive infection of important target cells at the 
level of virus entry, which for DV includes the DC-SIGN 
and L-SIGN receptors, may be an option worthy of con- 
sideration for translation from the laboratory to the clinic. 
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Target cell tropism of enveloped viruses is regulated by interac- 
tions between virai and cellular factors during transmission, dis- 
semination, and replication within the host. Binding of vira! en- 
velope glycoproteins to specific cell-surface receptors determines 
susceptibility to virai entry. However, a number of cell-surface 
molecules bind vira! envelope glycoproteins without mediating 
entry. Instead, they serve as capture receptors that disseminate 
virai particles to target organs or susceptible cells. We and others 
recently demonstrated that the C type lectins L-SIGN and DC-SIGN 
capture hepatitis C virus (HCV) by specific binding to envelope 
giycoprotein E2. In this study, we use an entry assay to demon- 
strate that HCV pseudoviruses captured by L-SIGN + or DC-SIGN + 
cells efficiently transinfect adjacent human liver cells. Virus capture 
and transinfection require internalization of the SIGN-HCV 
pseudovirus complex, in vivo, L-SIGN is largely expressed on 
endothelial cells in liver sinusoids, whereas DC-SIGN is expressed 
on dendritic cells. Capture of circulating HCV particles by these 
SIGN* cells may facilitate virus infection of proximal hepatocytes 
and lymphocyte subpopulations and may be essentia! for the 
establishment of persistent infection. 

Hepatitis C virus (HCV) is the etiologic agent of non-A non-B 
hepatitis in humans (1, 2). Only «15% of infected individ- 
uals clear the virus, and *»I70 million people worldwide are 
persistently infected wilh HCV (3, 4). These individuals may 
remain asymptomatic or may develop chronic hepatitis or cir- 
rhosis, the Lilti i oKr '< . I rj u> Hepatocellular carcinoma (5). 
Hepatocytes are the primary (a reel ceils for HCV infection 
(6-8). Virus-like particles have been visualized in liver biopsies 
of HCV+ individuals (9-11), and in vitro infection, albeit 
nic In u nt i p i i v hcp.iK>cv'tcs and hc-pmoma cells is been 
documented (12-14)." The existence of extnihepalic reservoirs of 
HCV is suggested by I he detection of vira] RNA in serum and 
peripheral blood mononuclear cells of HCV-;- individuals (15- 
I > Both 15 and 1' bmpm., \U spent to It ltd ' 
which is supported by in vitro infection of B and T cell lines (7, 
8, b M »nc stud} however, shows, thai repik bring forms ol HCV 
i'N \ in it- ncl J p t , ,s is i ! | j u 

forms arc present in B Ivmpitocvics, and none arc in '!' lympho- 
cytes (6). 

IK \ envelope giycnpn tcm I ! and i 2 mediate entry into 
large! ceils. We and others recently demonstrated that un- 
modified E1E2 he terod inters reach the ceil surface and are 
incorporated into retroviral pseudoparticles, which can infeel 
primary ivp.nee and some hepatoma ceil imes it 9-22). 
Use oi iht soluble 1 ? cclodomain a a urrogatt model for 
studying HCV interactions with cell-surface molecules has 
identified several potential HCV entry receptors, including 

CD81, sca\ , - B t> 1 « - O T 1 

teinreeeplt i _u s i en is " - s, , a ia3 groups, 
including ours, have shown that (1)81 is necessary but not 



met ns thai am m a'lr.V:! wan ' ioV to modem IK V binding 
and entry remain to be identified. 

Fumagemc ni oi speeiiie receptors is required lor vira! fusion 
mat! entry, but adsorption oi virai particles to the cell surface can 

motecules (27-33). e 'The C^\?Svas, ZciiS^UlnAr^ic 
cell-specific intercellular adhesion molecule-3-grabbing nonin- 
tegrin; CD209) and L-SJGN (DCS1GNR: liver and Ivmph 
node-specific; CD2091.), function ns capture receptors Sbr sev- 
eral viruses, including 1 11 V type 1 (UIV-H (34), Ebola virus 
(35) cytomega warus"(36j nd dengi virns'(37 Boll 1 KiN 
and DC-SIGN have an exl t accitutar ('-terminal region thai 
contains a calcium- tie pendent carbohydrate recognition domain 
(CRD) and .; - cpt.nl , egion impor- 

tant for oiigomcri/Bbon i .38-41). Capture of virai pariieit:s is 
mediated by the CRD and promotes infection of target cells both 
in cis and in trans (34, 35, 42, 43). DC-SIGN also recognizes 
intercellular adhesion molecules 2 and 3, which function as 
cell-adhesion receptors thai regulate iranscndothelial migration 
of dendritic cells (DC) from blood to tissues as well as DC-T cell 

We and others have recently demonstrated that recombinant 
soluble E2, patient-derived HCV virions, and retroviruses 
psettdotvped with 1 H 'V envelope glveoproteins spccilicallv biiid 
to L-SIGN and DC-SIGN (44-46). HCV capture by SIGN 
molecules depends on the presence of the CRD, indicating that 

c i i III i c I rot 1 i Lmi llmii I enve- 
lope glycoproteins is critical Sot binding. The specsficily of this 
interaction is underscore d h\ obscnntions thai oioibcrC i, 
lectins, such as langerin, CD23, and CLEC-J/2, do nol bind 
lb \ I 2 i -i-'v -to ■• o: i -he,. - iated juti >(v ; a ode ins of several 
viruses show It i i a h > i M'A in mi |ii id 
(in) anti-L-SIGN and anii-DC-SIGN ntAbs as well as rnannan 
inhibit soluble lo2 and HCV capture. 

i tin's slurb t i C\ tiry assay to d< m >uslt i < thai 
capture oi virai particle- b\ l.-SKA-t and DC-SKiN-t ceils 
promotes transinfection of human liver cells. 'Transinfection is 
specifically blocked by rnannan and antibodies recognizing CRD 
of SKIN receptors. Similarly, we show thai primary human DC 
mediate transinfection of target cells by a DC-SIGN-dependent 
i ^ m s I i i m / , i of die rcceptor- 

We ad'" s n L >i i Is- 1' 11 c pi ne bs 

SKA - wulo >be an i > , e i ^ in Ma! dissemination 
)m • 'e i is i i ^ tic. i '"lis re si us nd il 
, p tl 1 u.b isb m v I ■ 1 t i i i' li. i no. - ks 
whereas DC -<[' * D( i i ' i i sm EK \ 'c hepatocytes as 
well as subpopulations of B and/or T lymphocytes. 

Materials and Methods 

Piasmids, Antibodies, and inhibitors. Construct pcDNA3.1-AC- 
EI-E2 se 1 express HCV enve e glyco sole ns Se 



the full-length El and E2 (amino acids 
v-ith the last 60 amino acids of the capsid (AC), 
d from p90/HCV F!..-3ongpU comprising the 



i'"'D.f,( I hi 2A ice i i i ( R5 i DC-SIGN, 

si, or bo! hie, tins, : ,sn. ■•in. h w,n j .nr. has,, d I ., .pi !< A D 
1 1 f \ _ 11 ^ i I s I * - i 
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Table 1. HCV pseudovirus binding to SSGM+ HeLa ceils 

L-SIGN DC-SIGN 



p24, pg/ml inhibition, % p24, pg/mi inhibition, % 



igG control 
mAb612X 
Mannar, 



23 



0 ± 5 
S9 + 8 
84 i 1 3 



0 ± 4 
30 ± 1 1 
73 ± 6 



ably expressing 

i SUA.! D' SKA w_te s.i . to. s Lsu iv. bi ni 
1 1 i i t mvd 1 1 DM! M ii ^ l n l i d w ! 1 ' , „ j s I a-. 
Tecbiiokii'ie-, ( iraml iM:i n-i, \\ ,. Shinier, human miniature D< ' 
wen- •liflca-fiii.iicif i , 1 h . i n , . 

with I, nil' inn lis i i ii o o ic i _ , 1 - .npiiiKiUP j 
lid,i R,x. D^s n, , d o , ] -4 ;Ra:D Systems) 

in culture medium for 5 days, as described (49). 

Viral Production orso" iFtiwintcuton i , , s 

precipitation was used to transfcci 2931' ceils (1.5 X 10 s ) with 
NI.A«-+<w--rqx>rtcrvcclor (50) unci P e))N A3. i -AC- -El-El in a 
1:3 ratio. Ni.% + e/m- encodes an 111 V-U, , ; envelope-deficient 



is: 1 .In! LVtnGN or p^-ufai d>a oil \ i ■ i .U u.-J with i oonspe 

ii i i 1 ! s o , 1 \ , i , j ,t ii , 

(20 ,>:} mi), followed i iiKMfcwtior. wstb HCV I i s i i p super- 
n .:W, ' g, , ■ ;,;i (pg ail) , ), a i: i by using a ' < .unw H!V 1 

p?4 antigen »ssa id a ! i i unci binding to >3rei 3 HeLa 

cells. Percentages of binding inhibition were calculated and adjusted for 
background by e-ana the formula 100-i(p24 wixh inhibitors pea Here -> 
lgG)/{p24 without inhibitor - p24 HeLa with sgG) 1001% Negative values 
are represented as 0 for ease of interpretation. One representative experi- 
i 1 i i i it ex < I i r i i i 1 

inhibition are meaur ot three independent experiment;, at) 



temperature, l'.2~eoaicd I'luoreseeiii heads were prepared with 
ie til 2 091 ji in A'n and added lo cells (20 beads pel 

cell) for 30 min at 37°C. Binding was quantified by flow 
cytometry. 



!- and DC-! 
udotypedw 



ii 37 ( \[ , m ,ii, ( * i i , Dt v i,i ' , i I 

similar conditions, at 3?°C ot at 4°C, with i ml of viral super- 
natant. For inhibition experiments, cells were incubated with 
mAbs (1.0 /.tg/ml), sera from HCV+ or HCV- individuals 
(1:100), chloroquinc (50 uM t, or mannan (20 /ig/ml) for 30 min 
at 37°C before addition of viral supernatants. Alternatively, 
anti-CD8i mAb JS-SI was added to cells after virus capture by 
DC. After washing three dines with serum-free medium to 
remove unbound viius, cells were cocultured with Huh-7 target 
cells (4 X 10 4 ) for an additional 48 h at 37'C. Luciferase activity 
[relative light units (R.L.U.)j was measured in cell ivsatcs by 
using die 1 tic i , is. Assay System A'ronicgs ! cordmg to the 
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expressing I .-SIGN or DC -SIGN or to DC was performed as 
described by Gardner el al. (44). Briefiv, adherent target cells 
( !(% vere m ,i,J m I 1 1 2' M I -HU It - ~ M 
NaCl/1 mM CaCD/2 niM MgCI ; /0.5^ BSA) and incubated 
.n i nn|iii a in G i j •.•sis.is.nd 1 1 !i -i! ~ i wii'n 
ueniie ai.'.iiaiitm everv 15 min. Ajtcuiathdv. cell- were incubated 
with anti-L/DC-SfGN mAb 6I2X (10 /cg/tnli or mannan (20 

mm iflffll 111.11 e i 1 i 

supernal ants. Al ler w ash tug 1 ;\ e t itnes, w j ih adherence buffer to 

I, I m illlb Hid is nal n d „ tK 1 

i t s sii 1 t _ i 1 i j! R\ t A (Qia- 

gen. 3 its, s i WW RN\ 

content with the Hi V . i m v Ampiicor Assay (LabCorp, 
a the (Aiulter HIV-1 p24 



3-S1G 



ii;! is- hmi 
DC-SKi 



HeLa cells to capture 
V envelope glycoproteins 
ises from here on in the 



ed v 



parental HeLa (Table 1 and data not shown). Preincubation of 
cells with an anti-L/DCSTGN mAb (10 /xg/ml) recognizing 
CRDs ol both lectins decreased I-SKA+ and DC-SIGN + 
HeLa cell-associated p24 by 59% and 30%, respectively, com- 
pared with control mouse IgG (10 pg/mi) (Table 1). Similarly, 
mannan (2b pa n. ) w n i specii'icalh iriieracls with lectin 
' RDs d. . . , s 14,, d 'Y7c (Table!). 



binding I 
with the 
HIV-1 gf 



\:v ; ph 



t ID 



nd SKA 4 
I Monitor 



ified 



(R. 



RNA (data not shown). Faker, together, these 
results indicate thai L-SIGN and DC-SIGN molecules capture 
(K"V psettdo\ iruses ihiough specific interaciions between en- 
ceioj gi\, i i , i i J list RDs. 

SiGN-SWediated Transinfection of Hssh-7 Hepatoma Csiis with HCV 
Pseudoviruses. HCV pseuchiviruses comprise an 1113-1 core and 



P a 



n he 



is inhibited bv sera from HCV 4- indi 
anti-CD81 mAb and certain anli-E2 mAbs (19, 20, 26). This 
, Is. blench. u. . D d s.s ' h sn.ps of 

HCV repl ition nd we sed it to inve s e 1 1 i\ 4 
HeLa cells expressing L-SIGN or DC-SIGN to transfer captured 
HCV pseudoviruses io entrv-perniissive hriman live r (hepa- 
toma) cells. HeLa cells as wed; as SIGN 4- transfectants are 
resistant to EIL2-mediated entry, because utfection with HCV 
pseudoviruses resulted only in background levels of iuciferase 
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Fig, 1, L-SIGN- and DC-SIGN-mediated iraminfecrior. oi 
into Huh-7 cells. L-SiGN l , DC-SIGN +, parental HeLa cells, 
infected with HCV psendovimsec i.eofeiase activitie- i 
!K.L. ; J )} were ::>samied ::i .-.si I iy>afe> <UL h pomraecdori. > 
three independent experiments ± SD. (A) L-SIGN+, DC-! 
HeLa cells were incubated with HCV pseudoviore-tontai 
vVdvbed, and cocuitured vvab i-inh-v ceib. tncdsn.-se actio" 



,-.,;) 48 I-, p. 



ectior 



shown), before addition of pseudoviral si 
experiment of three independent experiments is shown. 
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significantly reduced by the anti-L/DC-SIGN mAb 612X (10 
fig/ml), with a greater effect on DC-SIGN-mediated transin- 
fection (Fig. I ff). As expected, aid i- L-SIGN mAb 604L (10 



I) a i ni i- DC -SIGN iiiA )7D ( b ml ml ibitcd m 
iransinfeciion mediated by i -SKA and DC-SIGN, respective: 
i A U Generally, b ] i tkib t t ! nb b I In M Mi 
with the different mAbs, all of which recognize the CRDs of th 



i dc- 



pe 



led by - -OA with sera from HCV+, but not HCV-, 
donors (1:100) (Pig. IB and data not shown). Taken together, 
these findings show that IJCV pari ieles captu red by L-SIGN + or 
DC-SIGN+ cells via interactions with J ill (2 remain infectious 
and are efficiently transmitted to target cells. 

Human DC Bind to HCV via E2 and Mediate Trati&infertiors of Liver Cells, 

We next tested whether DC-SIGN b- primary human DC could 
specifically capture soluble E2 envelope glycoprotein and HCV 
pseudoparticles. Peripheral blood mononuclear cells were iso- 
lated front an IK'V - donor, and monocytes were differentiated 
into immature DC by treatment with granu locylc-macrqphage 
colony-stimulating factor and SL-4, Soiubie H2 was coated unto 
fluorescent beads conjugated to anti-E2 mAb 091b-5, and bind- 
ing to DC was analyzed by flow cytometry, as described (44). 
Over 50% of cells bound E2-coated beads, and binding was 
I mAb 612X (10 /xg/ml) and 
66%e icspeciivciy (Tabic 2"). In 
particles to DC was detected by 
c Arnphcor Assay. Similar to 
HCV pseudovirus attachment 
-L/DC-SIGN mAb 6.L2X and 
ctively (Table 2). These results 
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of the anti-CD8i mAb JS-81 (10 (*g/ml) to mixtures of DC and 
target cells after H( \ pseudoparncle capture b\ the former 
completely inhibited transinfection (Fig, IE). Therefore. CD 81 
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necessary for transinfection of target ceils. 
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plays a critical role in transinfection. 
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cell fusion is mediated by envelope glycoprotein interactions 
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(35, 37, 51). 

HCV replicates in hepatocytes, and several studies have 
ted HCV replication in B and T lymphocytes (9, 10, 
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L-SIGN is expressed mainly by endothelial cells in liver and 
yrnph node sinusoids, whereas DC-SIGN is expressed mostly on 
nveloid-iineage DC (.%, 39, 57. 5Sr lite endothelium of liver 
papilla 
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lamina and compri c e res ( I Irae), « Inch act a& 
filtere tor fluids, solutes, and pamcies lhat are exchanged 
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capture HCV at these sites of primary iniectioii. DC are antigen- 
presenting ce Ik iki i , i it ^ v li 'i \h 1< and i s rp 10 
cytes (60-63), some of which may be susceptible to HCV 
infection. Also, DC have been shown to migrate from the blood 
to (1k I v< i k i u s , Ik , i in I t j I i 

sinusoids and may thus transport HCV so hepatocytes (64). 

The precise mechanism of SIGN-mediated transinfection is 
unknown. We s - s i u>!nV- , HCV transinfection 
111. dills. ! - C< k , 1 I 1 i i i m <■! 1 i I Is e s 
1'rcutntcnl of DC \\i iu i i lion oi 

transited lot ad. Hi m i !! , i .s-snii , I 
compartments are critical for the process. This finding is high- 
lighted by the observation that HCV pseudovirions that have 
been caps sued bu Kink nal r 1 i ii it 4 C ) it is 1 
transmitted to target cells. It is possible thai acidification of the 



SIGN-virus complex leads to its dissociation, thereby facilit ating 
transfer of infect bus particles to receptor-expressing targes cells. 
Even though HCV pseudoviruses enter* cells by low pH- 
dependeni receptor-mediated endocj - 0), it is t trk 
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pose cryptic I It i 1 Ss 1 and inactivate t ic virus. This 
may indicate thai HCV envelope glycoproteins are insensitive to 
low" pH-induecd u< Ji:\oo,. in ;k b.ence of receptor- 
.njir esh mmm ,t ivfat s li.-ig-s hi add it is ,n. IX ' can selectively 
retain anttjens m ihcir mitre lorni ins ale lie o lad to mildly acidic 
vesicles (65, 66). 

Conclusion 
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inteiacosnis -siih specific e c 1 : -ui t is. s molecules to target and 
enter host cells. Binding of E1E2 io the CD8.1 coreceptor and 
other molecules on hepatoevtes resulls in viral fusion and entry, 
ht addition, HCV envelope Vlvcoproteins bind to at leas; two C 
type lectins, k-SlCN and DC-SKJN, expressed on I .SEC and 
DC, respectively, which interact with HCV target cells. SIGN- 
i >. 'i i I i - >. i i i' s ^ tl IK V. which are nol 

in direct contact wild circulating blood, may be essential for 
establishment of persistent infection. 
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